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OKiidircrctiozial  tmde:rvater  voice  conKmication  bjr  Mazia  of 
scattered  light  st  ranges  of  1,000  yards  or  «oro  in  clear  ocesn 
water  appears  to  be  possible  with  cosnercially  available  leaps 
and  phototubes.  Longer  ranges,  up  to  1,750  yards,  are  possible 
with  the  sane  components  if  they  arc  used  in  a 
system.  Still  longer  ranges  are  possible  with  more  intense  light 
sources.  "Stig-gepert— pieaoxits  technical  evidence  jin  support  of 
these  possibilities  and  pgevidee  engineering  equations ;,f or  the 
design  of  such  optical  coxBsinication  systems.  The  equations 
show  that  scattered  light  penetrates  ocean  water  much  further 
than  does  non-scattered  light,  primarily  because  the  attenuation 
coefficient  for  scattered  light  is  (typically)  about  one-third  of 
the  attenuation  coefficient  for  non-scattered  light.  Experimental 
data  on  the  long-range  propagation  of  scattered  light  from 
imderweter  sources  is  interpreted  and  extrapolated  for  engineerlt^ 
purposes.  Data  concerning  the  long-range  transmission  of  polarised 
scattered  light  by  natural  waters  is  presented,  and  the  role  of 
polarization  as  a  means  for  establishing  taultiple  voice  cowuxiica- 
tion.  channels  is  discussed.  (  ^ 


Otc.iir.c 

20'^directional 
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LOIG-RAKGS  TRAHSCSSIOK  OF  LIGHT  IHROUGH  WATSR 

Heaeursaants  of  the  Ici^^rasge  ti^exissi^sion  of  &oz»chro!Batic 

light  froa  a  subaerged  uaifoni  point  &7arce  and  froa  an  undsrvater 

1  2 

cource  having  variable  bean  spread  have  already  been  reported, 

The  Appendix  of  this  report  is  a  reprint  of  a  paper  entitled  "Light 
in  the  Sea,"  vborein  Fig.  16  on  page  222  shows  the  total  iifradiance 
produced  underwater  at  various  distances  hy  a  1,000-vatt  iacandesoent 
■diving  laap"  (So.  MG  25/1)  Ejanafactured  ly  the  General  Electric 
Ccvpany.  The  photcsaetry  was  by  neans  of  an  underwater  photoelectric 
irrsdlance  meter  facing  directly  toward  the  lanp.  The  reader  is 
referred  to  the  Appendix  of  this  report  and  to  Ref.  1  for  furtlter 
details  concerning  the  arrangements  of  the  eaperiaent. 

The  same  underwater  light  source  was  alst^  used  in  an  sncloaure 
which  produced  a  continuously  variable  beam  spread  dova  to  20®.  The 
details  of  this  experijnent  are  described  in  Ref.  2,  The  results  of 
all  these  experlsents  are  susaariced  by  Sqs.  (3>  and  (6)  on  pages 
222  and  223  of  the  Appendix  of  this  report.  Cooi^ining  these 
equations,  the  total  irradiance,  produced  on  a  nomal  surface  at 
distance  r  f^oa  the  underwater  lamp  is 

Hj.  =  +  (2.5-1.5  lcgio2v^)[l  +  7(2n/^) JKs"^/4nr, 


^Duntley,  S.  Q. ,  "Measurewnts  of  the  Transjnission  of  Light  froa  an 
Underwater  roint  Source,"  BuShips  Contract  RObs-7203.?,  Report 
Ko,  5-11,  October  I960. 

^Duntley,  S.  Q.,  "Measureiasnts  of  the  Traasaission  of  Li\ght  from  an 
Underwater  Source  having  Variable  Beam  Spread,"  SIO  Raf.  llo,  60-57, 
Hovember  I960, 
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whar#  J  is  the  axial  radiant  intenaitj  of  the  leap,  ^  is  the  total 
heaia  spread,  a  is  the  attonwation  coefficient  for  non-scattered 
light,  and  K  is  an  attenuation  coefficient  for  light  which  has  been 
scattered.  These  quantities  and  their  associated  concepts  tire  fully 
discussed  and  quantitatively  illustrated  in  the  Appendix  of  this 
report.  Equation  (1)  should  not  be  used  for  beam  spreads  less  than  20°, 
Because  all  natural  waters  seem  to  be  similar  in  their  forward- 
scattering  characteristics,  as  is  illustrated  by  Fig,  12  in  the 
Appendix,  Bq.  (1)  is  belis^^  to  have  universal  applicability  for 
engineering  purposes  in  connection  with  loi:g-range  underwater  optical 
coBBunications  at  sea.  The  first  term  of  Sq,  (1)  represents  the 
direct  (non-scattared)  light  from  the  lamp  arriving  at  the  irradiometer, 
and  the  secoid  term  represents  the  irradiance  produced  by  scattered 
light.  These  two  components  are  referred  to  as  the  nonoT3e.th  irradiance 
and  multipath  irradiance.  respectively,  Figiire  19  of  the  Appendix 
shows  that  at  laag)  distances  greater  than  1,4  attenuation  lengths, 

iff 

multipath  irradiance  predominates.  At  20  attenuation  lengths,  for 
example,  only  about  1  part  in  of  the  total  irradiance  results  from 
aonopath  transmission,  i.e.,  non-scattered  radiation  direct  from  the 
lamp.  The  first  term  of  Eq,  (1),  therefore,  is  of  no  consequence  in 


It  will  be  noted  from  Eq.  (l)  that  the  monopath  transmission  is 
characterised,  in  the  far  field,  hy  an  attenuation  coefficient  a  and 
an  inverse  square  function  of  distance  whereas  the  iBulti];«Lth 
tranaadseion  is  governed  by  an  attenuation  coefficient  K  and  the 
inverse  first-power  of  the  lamp  distance.  At  long  ranges  neither  the 
inverse  square  nor  the  inverse  first-power  dependence  is  of  major 
importance  compared  with  the  effect  of  the  exponential  factors,  but, 
significantly,  the  monopath  coefficient  a  is  2  to  4  times  as  great 
as  the  esiltlpeth  coefficient  K.  Thus,  scattered  light  penetrates 
the  ocean  nuoh  farther  than  does  non-scattered  light. 
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conxMcticn  with  loog-rangc*  optical  j  ng  probltsM.  All  of  th« 

radiant  pover  available  to  the  distant  detector  will  be  lailtipath 
transeiesion,  sceeitiMs  called  rlow  tfflBaf Tbe  dlacuesions 
in  this  report  will  be  Halted  excltuirely  to  range  ■  euch  that  the 
first  tera  of  £q.  (1)  (aonopath  traxisaittacce)  is  negligible. 

MULTIPATH  IPJIADIAHCE  AT  LONG  RAHGS 

Eqmtion  (1}  has  been  used  to  calculate  the  irradiance  produced 
by  2Ln  imderwater  point  source  at  long  ranges.  Specifically,  it  has 
bean  used  to  extend  the  data  of  Fig.  16  of  the  Appendix  to  a  lasip 
distance  of  130  attenuation  lengths.  The  saae  equation  has  also  been 
used  to  conpute  the  irradiance  produced  at  these  same  ranges  by  an 
luiderwater  Hght  source  of  the  cane  intensity  on  axis  bat  havii^  a 
beam  spread  of  20®.  The  result  of  these  calculations  is  given  ty 
Fig.  1.  At  all  ranges  beyond  40  attenuation  lengths,  the  two  curves 
are  parallel  to  within  three  significant  figures  and  Eq.  (l)  simplifies 
to  the  expression: 


Hr  =  (2.5-1.5  logio2iT/^)  JKe”^V4nr 

The  effect  of  beam  spread  on  the  irradiance  procr/uced  on  the  axis 
of  the  beam  at  all  distances  beyond  40  attenuation  leng'ths  is  shown 
in  Fig.  2,  in  which  irradiance  is  plotted  in  terms  of  tihe  same  relative 
units  used  in  Fig.  1.  The  same  data  are  shown  by  the  dashed  line  in 
Fig.  3,  which  has  been  lifted  from  Ref.  2  wbei'e  (without  the  dashed 
curve)  it  appears  as  Fig.  6;  this  figure  shows  the  effect,  of  beam 
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spraad  as  oaesurad  at  ohortar  rangas  frooi  2.6  to  14.6  attanuation 
lengths  in  llie  course  oC  experiioents  vihich  are  described  in  detail  in 
Ref.  2}  all  of  the  curves  have  been  superiuposed  at  ^  -  360®  for 
purposes  of  shape  comparison. 

PHOTOELECTRIC  SEIvSITIVITI 

The  photoelectric  irradiance  photceiBter  used  to  secure  the  original 
data  in  the  manner  described  in  Pafs.  1  and  Z  was  an  tlCA  933A  multiplier 
phototube  used  in  comparatively  low  sensitivity  circuitry.  This 
irradioaeter  was,  however,  sensitive  enough  to  measure  the  irradiance 
sufficiently  above  the  limit  set  by  circuit  noise  at  a  lamp  distance 
of  approximately  34  atterniation  lengths,  i.e.,  out  to  point  A  in  F;g.  1. 

—Q 

The  irradiance  at  this  distance  was  3.2  x  10  '  in  terms  of  the 
relative  units  used  in  Tig,  1  and  in  Fig.  16  of  the  Appendix.  Subsequently 
this  phototube  was  replaced  by  an  2I-II  9524B  multiplier  phototube 
having  a  cathode  area  of  4.16  square  centimeters.  ..hen  used  viitli  the 
same  circuitry,  this  unit  was  found  to  have  1,0C'0  times  mere  sensitivity 
than  the  RCA  931A  phototv’.be  previously  employed.  It  was  ipable  of 
measuring  an  irradiance  of  3  x  10  relative  units,  or  at  a  lamp 
distance  of  more  than  56  atteraaticn  lengths;  see  point  B  in  Fig.  1. 

It  was  determined  by  means  cf  uTiderwater  photography  that  more 
than  90  percent  of  the  light  received  by  the  irradiometer  came  from 
a  cone  5®  in  diameter  centered  on  the  direction  of  the  light  source. 

It  is  possible,  therefore,  to  employ  a  collecting  lens  having  a  much 
greater  area  than  the  sensitive  cathode  of  the  multiplier  phototube. 

It  would,  in  fact,  seem  not  unreasonable  to  conceive  of  using  a 
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plastic  Fresnel-type  lens  having  an  area  1,000  times  as  great  as  the 
cathode  of  the  EMI  95243  imiltiplier  phototube,  i.e.,  a  diaaetor  of 
73  centijs»tarB.  With  this  lens,  the  EMI  9524B  nultipliei*  phototube 
should  be  capable  of  measuring  an  irradiance  of  3  x  lO”"^^  relative 
units,  or  a  lamp  distance  of  nearly  80  attenuation  lengths;  see 
point  C  in  Fig.  1, 

If  an  efficient  projection-type  optical  system  is  employed  to 

concentrate  all  of  the  flux  emitted  by  the  lamp  into  a  narrow  cone 

having  an  angular  opening  of  only  20*^,  the  intensity  on  the  axis  of 

this  cone  could  be  as  much  as  130  times  that  produced  by  the  bare 

-17 

lamp.  Thus,  measurement  of  the  irradiance  at  2,3  x  10  relative 
units  should  be  achievable  or,  from  point  D  od  the  lower  of  the  two 
curves  in  Fig.  1,  a  lamp  distance  of  approximately  91  attenuation 
lengths. 


LIMITATION  BY  AMBIENT  LIGHT 

Sven  at  night  none  of  the  longer  ranges  mentioned  in  the  pre¬ 
ceding  section  will  he  achieved  with  a  non-aodulated,  non-monochrcesatic 
system  because  of  the  natural  ambient  background  of  light  in  the  sea. 

At  shallow  depths  this  background  may  result  from  the  moon  or  stars, 
and  at  virtually  any  depth  light  may  be  produced  by  biological, 
organisms.  It  is  believed,  therefore,  that  any  practical  system  for 
underwater  comnaudcations  must  either  use  some  form  of  modulation 
or  make  use  of  a  highly  monochromatic  (laser)  source  and  a  monochrosaatic 
receiver.  Since  blue-green  laser  equipment  for  this  purpose  is  not 
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y«t  Bofficieatly  d«v«lopod,  thi  pras^nt  raport  will  limit  it* 
discwBsion  to  Modulation  tachni^^iucs  and  non-la»rr  sources.  A  brief 
discuasicn  of  aemna  for  acccicplishing  modulation  will  be  giten  in 
a  later  section  of  this  report  but  for  the  present  let  it  be 
aesuaed  that  the  ligb.t  is  zaodulated  oX  sam  carrier  frequency,  sax, 
om  megacycle  and  that  this  carrier  is,  in  tairn,  nodulated  to 
provide  a  voica  caapmnication  channel. 

EFFECTS  OF  MDDOUTIOK 

For  the  sake  of  t  numerical  discussion  let  it  be  asanned  that 
the  bandwidth  of  a  voice  channel  is  to  be  3,200  cycles  per  second. 

It  has  been  detemined  that  the  effective  bej^vidth  of  the  irradiance 
photonetar  used  to  establish  point  A  in  Fig.  1  was  0.16  cycles  per 
second.  Assuning  that  the  threshold  performance  of  the  cojwanication 
system  is  set  by  white,  Gaussian,  photon  shot  noise  or  circuit  noise, 
the  irradiance  threshold  will  be  increased  by  the  square  root  of  the 
ratio  of  the  bandwidth  of  the  cosssunication  channel  to  that  of  the 
I^otoneter  by  means  of  which  point  A  was  established;  that  is  to 
•ay,  the  square  root  of  the  rat5,o  of  3,200  cycles  per  second  to  0,16 
cycles  per  second,  or  a  factor  of  141.  The  range  of  the  omni¬ 
directional  source  will  then  be  reduced  to  63  attenuation  lengths,  as 
shown  by  point  E.  Correspondingly,  the  range  of  the  20°  divergent 
source  will  be  r^uced  to  slightly  less  than  75  attenuation  lengths, 
as.  shown  by  point  F. 

Longer  ranges  can  be  obtained  through  the  use  of  a  light 
source  having  greater  radiant  intensity,  l.e.,  greater  power  per  unit 
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of  solid  acgle.  Both  the  5j060-watt  incaadecjcent  diviiig  lamp 
(G*S.  No.  MG25/5)  or  the  1,000-watt  high  pressure  aercury  lasp 
(G.E.  No.  AH6)  will  yield  approximately  six  times  the  intensity  that 
was  produced  by  the  1,000-watt  diving  lamp  (G.E,  No,  KG25/1)  used 
to  establish  point  A  and,  thus,  pcijits  B  through  F  in  Fig,  1.  As 
cmnidirectional  emitters  these  more  intense  lauros  will  produce  a 
communication  range  of  63  attenuation  lengths,  as  indicated  by 
point  G,  while  as  sources  for  a  20®  beam  they  should  provide  for 
voice  conmunication  beyond  80  attenuation  lengths  (see  point  H  in 

Fig.  1). 

It  is  obvious  from  Fig.  1  that  a  vast  increase  in  intensity  is 
required  in  order  to  drastically  lengthen  the  comnunication  range. 
Two  methods  for  accomplishing  this  may  be  possible; 

(1)  Ifeirrov  Beam  Spread.  If  the  seme  radiant  power  is 
confined  to  a  bean  of  smaller  divergence,  the  intensity 
is  correspondingly  increased.  This  can  be  accc/nplished 
by  means  of  large  conventional  optical  systems  or  by 
laser  techniques.  The  directioxmlity  of  such  narrow 
beam  sources  is  probably  a  serious  handicap  for  most 
underwater  commurdcation  needs, 

(2)  Light  Sources  of  Higher  Power.  If,  however,  electrically 
powered  omnidirectional  lamps  having  10,000  tines  the 
intensity  of  the  1,000  watt  incandescent  diving  lamp 
(G.E,  No,  MG25/1)  can  be  achieved  and  can  be  supplied 

7 

with  power,  or  if  a  nuclear  powered  lamp  can  produce  10 
times  the  intenoity  of  the  IjOOO-watt  diving  lamp. 
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substantially  longer  ranges  are  possible.  For  exaaipla, 
in  cwmidixectional  service  the  fomer  could  produce  a 
voice  ccaccamication  range  of  94  attenuation  lengths 
(point  j)  while  the  latter  source  should  achieve  117 
attenuation  lengths  (point  K).  As  emitters  of  a  20° 
divergent  beam,  the  same  two  sources  might  produce  106 
attenuation  lengths  (point  L)  and  129  attenuation 
lengths  respectively. 


COMMUNICATION  RAIGES 


The  ranges  discussed  above  for  an  \ix3dervater  communication 
system  having  a  voice  channel  3,200  cycles  per  second  in  width  are 


suacarized  by 

Table  I: 

TABLE  I 

TfP®  Lamp 

Manufacturer’ 

Designation 

8  Power  Required 
(Kilowatts) 

Effective 

Radiant 

Intensity 

(Relative) 

Maxhmm  Voice* 
Co«aiun3.cation  Distance 
(Attenuation  lengths) 

2Q°rb€aiB 

directionjil 

Incandescent 

G.E.  MG25/1 

1 

1 

63 

74 

Incandescent 

G.E.  MG25/5 

5 

6 

63 

80 

Mercury 

G.E.  AH6 

1 

6 

63 

80 

HXPOTHETICAL 

(electric) 

10"^ 

94 

106 

HYPOTHETICAL 

(nuclear) 

iqv 

117 

129 

*Voice  channel  bandwidth  =  3,200  cycles/second. 
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Very  clear  ocean  water  is  characterized  by  an  attenuation  length 
of  20  va/ln  in  the  blue-green  region  of  the  apectnm  (480  np),  or  in 
English  \niits,  21.9  yards/ln.  For  water  of  this  clarity,  the  ranges 
discussed  above  are  as  given  in  Table  II: 


TABLE  II 


lype  of  Lanp  I4aniifacturer‘s  Power  Required  Effective  Majdama  Voice* 

Designation  (Kilowatts)  Radiant  CoHammication  Distance  i 


Intensity  very  clear  ocean  water* 
(Relative)  (yards) 


Omni- 

directional 

20°-beam 

IncaMescent 

a.E.  MG25/1  1 

1 

1380 

1620 

Incandescent 

G.E.  MG25/5  5 

6 

U90 

1750 

Mercury 

G.E.  AH6  1 

6 

U90 

1750 

ffifPOTHETICAL 

(electric) 

10^ 

2060 

2320 

HIPOTKETICAL 

(nucleai.*) 

*Voice  channel  bandwidth  =  3,200  cycles/second 

**Attenuation  length  =  20  meters/ln. 

10^ 

i. 

2560 

2820 

Vast  areas  of  the  oceans  of  the  world  are  somewhat  less  clear  than 
that  depicted  by  Table  II,  The  attenuation  lengths  "v>3ry  clear”  ocean 
water  usually  lie  between  10  n/ln  and  20  ai/l»*  Connnunication  ranges  in 
any  water  can  be  predicted  by  scaling  Table  II  in  linear  proportion  to  the 
attenuation  length  of  the  ocean  location  ■under  consideration.  Sea 
Table  lUand  Ref.  (17)  of  the  Appendix  for  values  of  at-benuation  length  in 
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various  locations. 

It  would  aK)ear  that  a  system  based  upon  an  Sril  95243  sailtlplier 
phototube  and  a  1,000-vatt  mercuiy  lajq;>  (G.S,  ho,  AH6),  when 
modulated  by  the  techniques  to  be  described  in  the  foUowii^  section, 
cculd  provide  voice  coacainication  ranges  of  750  to  1,500  yards, 
depending  upon  water  clarity,  when  the  source  is  operated  in  an  omni¬ 
directional  mode  and  875  to  1,750  yards,  when  operated  as  a  20° 
divergent  source.  In  both  cases  it  is  assumed  that  liie  receiver  is 
rendered  directional  py  means  of  a  large  lens  associated  with  the 
multiplier  phototube.  It  has  been  estimated,  however,  that  an  tsani- 
dircctional  optical  system  for  use  with  the  same  aailtipliar  phototube 
could  be  achieved  with  a  loss  in  range  of  about  16  attenuation  lengths 
in  Table  I  or  350  yards  in  Table  II  for  any  of  the  cases.  An 
equivalent  omnidirectional  receiving  capability  might  be  obtained  by 
using  a  cluster  of  (perhaps)  six  multiplier  phototubes  of  the 
large  cathode  variely.  Because  of  its  smaller  size  such  an  installation 
might  be  preferable. 


EXTRAPOLATIONS 

Although  the  possibility  of  oven  more  intense  light  sources  seems 
improbable,  receiver  improvements,  reductions  in  channel  bandwidth, 
etc.  may  require  extrapolations  to  some  greater  range  than  is  covered 
by  Fig,  1.  In  such  cases,  system  performance  in  either  omnidirectional 
or  20°  divezgent  modes  of  operation  can  be  readily  predicted  from  the 
following  considerations. 

Beyond  40  attenuation  lengths  the  two  curves  in  Fig.  1  are  parallel 
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aad  their  residual  curvature  has  virtually  vsaiahed  at  the  right  lower 
boundary  of  the  figure.  When  approxiaated  by  straight  lines 
beyond  120  attenuation  lengths,  the  functions  are  siiaple  exponentials 
with  an  effective  attenuation  coefficient  of  0.0583  In/ft.  This  aiay 
be  compered  with  the  diffuse  attenuation  coefficient  upon  which  Fig.  1 
in  this  report  and  Fig.  16  in  the  Appendix  are  based;  naoely, 

K  =  0.0570  liv^ft.  Tims,  the  inverse  first  power  depeaience  of  the 
jnultipath  transmission  has  virtually  vanished  and  the  range  is  controllod 
almost  exclusively  by  the  diffuse  attenuation  coefficient  K. 

It  is  convenient  to  express  the  slope  of  the  curves  in  Fig.  1  in 
the  vicinity  of  130  attenuation  lengths  as  7.36  attenuation  lengths 
per  decade.  Thus  for  each  tenfold  increase  in  lamp  intensity,  the 
coDBunication  range  in  either  the  omnidirectional  or  the  20°  divergent 
mode  is  increased  by  7.36  attenuation  leiigths.  It  has  been  estimated 
that  throughout  the  next  50  attenuation  lengths,  the  effective  slope 
of  the  curve  will  average  7.91  attenuation  lengths  per  decade,  “Ihe 
slope  is  approaching  esyraptotically  that  of  the  reciprocal  of  the 
diffuse  attenuation  coefficient,  or  8.09  attenuation  lengths  per  log. 

It  is  interesting  that  these  numbers  illustrate  the  penetrating  quality 
of  multipath  transmission  through  natural  waters  in  comparison  with 
monopath  transmission  for  which,  in  the  absence  of  inverse  square 
effects,  the  gain  in  range  is  at  the  rate  of  2.30  attenuation  lengths 
per  log.  The  inverse  square  effect  will  be  so  minor  at  the  long 
ranges  under  consideration  that  the  actual  monopath  gain  may  be 
lessened  by  only  a  fraction  of  one  percent. 

It  is  believed  that  the  aquations,  graphs,  data,  and  rules-of- 
thuab  provided  by  this  report  and  its  Appendix  will  enable  the  gains 
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or  loss  in  coaEonication  raz^  to  be  estiaeted  easilj  for  Turious 
altematire  light  soorcesj  beaa  spreads^  li^ht  collection  devices^ 
smzltiplior  phototubes,  and  c(»asunication  channel  bandvidths. 


METHODS  OF  ^50DUIATION 

Many  methods  exist  for  Eodvilating  the  output  of  a  leap  bat 
scae  of  these  are  incapable  of  achieving  a  high  percentage  of 
modulation  at  frequencies  such  as  those  uhlch  might  be  used  in  an 
underwater  voice  comcainication  system.  Most  of  the  means  for  pro¬ 
ducing  substantially  full  nioduiation  at  high  frequency  involve 
polarization  techniques  and  maiqr  of  these,  like  the  Kerr  cell,  are 
not  neceesarily  easy  of  application  in  underwater  comcnnj  cation  systems 
nor  docs  the  modulator  unit  necesssirily  have  a  large  free  aperture 
and  a  high  transmission. 

One  light  modvilating  system  which  is  apparently  well-suited  to 
the  needs  of  underwater  ccaminication  systems  was  devised  during 
World  War  II  by  Professor  Hans  Mueller  of  the  Department  of  Physics 
at  M.I.T.  under  a  project  for  the  National  Defense  Research 
CoBBiittee,  Mueller  devised  a  light  beam  telephone  using  a  polariza¬ 
tion  system  for  impressing  voice  modulated  carrier  frevquencies  of  a 
few  megacycles  on  the  light  beams  produced  hy  conventional  search¬ 
lights.  This  was  accomplished  by  mounting  an  inch  thick  square  plate 
of  homogeneous  glass  directly  in  front  of  the  searchlight  and  causing 
this  glass  to  become  elastically  birefringent  hy  means  of  electric 
fields  from  laatal  electrodes  which  were  deposited  on  the  edge 
surfaces  of  the  plate.  These  electrodes  were  connected  to  the  output 
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of  a  coarB&ticottl  iX  radio  trvnsxitttr  of  aodarat*  powar.  proparly 
spaciiy  tb*  alaciroda  Motions  aroond  th»  ptrlpbary  of  th«  glaaa 
block  and  17  proparly  edjiutixag  tha  |iiasa  of  tba  radio  fraqaam^’* 
voltagaa  vbich  vara  applied  to  tha  Taricna  alactrodas.  strain  pa\vtams 
vara  indccad  in  tha  glass  the  radio  fraqueox^  electric  fiald^ 
caosing  it  to  bacoBt  altarcatix^lj  birafricgant.  If  a  linear  sheet 
polarisar  was  attached  to  tha  face  of  the  block  naarast  tha  search¬ 
light,  tha  output  of  the  coi^lnation  was  a  bean  of  light  haviJ^  a 
state  of  polarization  which  varied  in  accordance  with  the  BF  carrier 
frequent^,  and  vmose  percentage  polarization  dapetded  upon  tha 
aa^lituda  nodulation  of  that  carrier. 

Ihe  polarization  Kodulaticn  of  the  light  bean  was  converted  to  an 
intensity  Bodulation  aeans  of  a  seccixi  linear  sheet  polarizer. 

This  was  located  either  on  the  output  surface  of  the  glass  block  or 
at  tha  distant  rocaivar.  Ihe  latter  option  contributed  to  the  security 
of  tha  cocrsinication  systes  and  to  its  fraadcx  froa  liMitation  by 
aabiant  light. 

Dr.  Haallar  developed  laazy  Ingenious  Kodifications  of  tba  basic 
concept  cutlinad  above  in  order  to  increase  tha  aacurity  of  tba 
ccoDunication  channel.  He  was  able  to  nodulate  tba  Marchlight 
output  in  terns  of  right  circular  polarization,  left  circular  polariza¬ 
tion,  elliptical  polarization  of  aHuy  kinds,  and  cocbinationa  of 
these  polarization  states  in  such  a  way  that  only  a  special  raoeiver 
would  respond  intelligibly  to  this  polarization  acrasbling.  The 
tranodasion  security  achieved  in  this  way  seened  to  be  of  virtually 
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exiiUASS  T&ria^.  All  o'  this  vork  uts  dtclassifisd  at  t2i«  closa  of 
liorld  ifar  II, 

In  octabsdral  or  dodacahedral  anvalope  of  >fci»llsr  plains  could, 
presu3ebl7,  be  used  to  enclcee  an  cenidlrectioxial  source. 

TRAKSKISIOK  C?  POIAHIZED  LIGHT  BI  OGSAK  VATER 

Figure  12  on  pega  220  of  the  Appendix  of  this  rejwrt  sbowo 
tha  intense  forward  scattering  vhich  seeas  to  charactarlze  nil  natural 
vaters.  It  is  believed  to  result  chiefly  fro*  refraction 
transparent  organisns  and  particles  large  compered,  vith  the  wavelength 
of  light.  Consequently,  scattering  at  snail  forward  angles  pre~ 
dooinates  and  polarized  light  tends  to  preserve  its  polarization. 

Figure  4  of  this  report  shows  the  quantitative  aspects  of 
polarization  transzsdssion  by  natural  water.  T3»  data  in  that  figure 
usre  obtained  as  follows:  An  incandescent  light  source  producing  a 
20  divergent  bean  was  eqiiipped  vith  a  linear  sheet  polarizer  such 
that  the  light  entering  the  water  at  the  laiap  was  linearly  ].X)lariied. 

A  photoelectric  iiradiance  laetsr  was  equipped  with  a  rotatable  linear 
sheet  polarizer  aounted  in  the  water  just  in  front  of  the  coUectii^ 
surface  of  the  iiradiance  iieter.  This  instruaent  was  used  to  aeasure 
the  iiradiance  at  the  center  of  the  bean  produced  by  the  unierwater 
lajBp  at  distances  out  to  nearly  30  attenuation  leisgths.*  Iiich  point 
in  Tig,  4  represents  the  fraction  of  the  ucasured  irradisnas  which 
is  linearly  polarized  at  the  receiver.  At  each  lanp  distance  one 
■easurement  of  irradiance  was  Bade  vith  the  axis  of  the  analyzer 

The  attezauation  length  of  the  water  used  in  this  experisent  was 
4.2  ft/ln. 
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perallel  vith  that  of  tern  poXarlMr  aod  aBotbar  vith  tb«  asalysar  In 
the  crossed  posltioc.  The  ratio  of  the  difference  to  the  sob  of 
these  tvo  readings  is  the  fraction  of  irradiance  ^riaich  is  polarised, 
i.c.,  the  percentage  polar'ization  at  the  irradianoe  ester. 

rlgure  4  shovs  that  aore  than  75  percent  of  the  light  received 
at  23  attenoation  lengths  has  the  s&ee  state  of  polarization  as  that 
vith  vhich  It  left  the  lai^. 

The  dashed  portion  of  the  curve  beyond  30  atteraiatlcn  lengths 
in  Fig.  5  is  an  arbitrary  extrapolation  ox’  the  data.  If  it  is  correct, 
nearly  half  of  the  light  has  its  original  state  of  3X)lari2ation  at  a 
distance  of  50  attenuation  lengths  fre*  the  laap,  Undtr  such  circus- 
stances,  the  use  of  polarization  eodulatioa  for  underwater  cooBunica- 
tion  purposes  seeass  feasible.  It  is  believed  that  the  isolation  of 
the  voice  signal  fros  the  affects  of  aabient  light  in  the  sea  would 
be  superior  to  that  which  would  be  achieved  if  only  conventional 
asplltude  modulation  is  e2^>lqyed. 

Aaplitude  modulation  of  the  light  emitted  by  the  soarchll^t 
(rather  than  polarization  modulation)  can,  of  course,  be  achieved  ly 
attaching  the  analyzer  to  the  output  side  of  the  glass  block  at  the 
tiansraittcr.  Such  an  emission  lacks  some  of  the  security  associated' 
wdtL  polarization  modulation  but  omnidirectiorial  transmission  can 
probably  be  achieved  more  readily. 

The  foregoing  description  of  the  MaoUtr  system  for  modulating 
the  output  of  a  lamj)  is  offered  Bierely  as  a  suggestion  and  vi-^i  the 
realization  that  other  techniques  for  modulation  exist.  It  should  be 
pointed  out,  however,  that  (1)  the  use  of  megacycle  carriers  makes 
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Rttltipl#  coWBxnieatioa  ckaxinil*  postibl*,  aad  (2)  th»  Maallar  syst** 
i*  eapablt  of  ■odolatiag  tb*  outjwt  of  any  la^  Iqr  ■•ans  of  a 
iKsdolatcr  haviji^  a  hlfh  tranaMission  and  a  fr*«  aportur*  nany  inchaa 
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Light  in.  the  Sea* 

SsiBEarQ.  Drxitrs 

VisSStir  LehereUry.  Seripps  Iiuii:a:itn  <k'  Oceawgrcpltr.  Le  JtCs, 

'Rcsesvtd  37  Augasl  1962) 

li^tist&csex'aaj  bcprodaoedlA  tI>csc3  0tstarA.tA  ch«Tnira!oc)xoiogkaZprocts«s.ortA  aon-rcajk 
sotnces.  Servicg  as  tl<e  |Himai;  sogtcc  of  enei^  for  tbe  oceans  azxi  si^ipoctfsg  thci  ccoiogy.  Ilgbl  also 
enai^Uie  native  tnlabitasls  of  die  rratairorld.  as  tre]  as  bssaans  and  tli^  devices,  (o  sec.  In  this  paper, 
oeir  data dravn froen {nves:%atiac3Ss;nnsingoeaiI>  txo <kc3dcsaref2sed  to iTcstiatean.nt^raled  accoont 
of  tbe  optxal  nature  of  ocean  irater.  ibe<SstR)rotian  of  dux.  diverging  froen  locaSzed  onderiiater  hght  sources, 
tbe  propagation  of  high>>  <»!hc3aled  beams  of  Egbt.  tbe  penetratioci  of  'lavu^t  into  tbe  sea.  and  tbe  ntiliza 
tion  of  se^  energv  for  tcanv  purposes  incfodlng  beating,  pboto^iitbcsis.  visoo.  and  photogtapbv . 


INTRODUCTIGK 

AX  interest  in  the  aerial  photography  of  shallow- 
ocean  bottoms  prompted  the  author  to  beg^n, 
nearly  20  years  ago.  a  continuing  experimental  and  theo¬ 
retical  study  of  light  in  the  sea.  Some  of  the  principles 
discovered  or  extended  and  generalized  by  the  author 
and  his  colleagues  are  summarized  in  this  paper.  Early 
discussioris  with  E.  O.  Hulburt  and  D.  B.  Judd  as  well 
as  publications  by  many  investigators*  provided  a  valu¬ 
able  starting  point.  By  1944  the  author  was  using  a 
grating  spectrograph,  specially  designed  by  David  L, 

•  Most  of  the  investigations  described  in  this  paper  were  sup¬ 
ported  by  the  Of&ce  of  Naval  Research  and  the  Bureau  of  Sh^  of 
the  U.  S.  Navy.  Grants  from  the  National  Science  Foundation 
have  also  aided  the  wori..  .\l  certain  times  in  the  past  the  research 
was  supported  the  National  Defense  Research  Committee  and 
by  the* f.  S.  Navy's  Bureau  of  .terooaulics. 

*  See  E.  F.  DuPrf  and  L.  H.  Dawson.  “TransmBsion  of  Light  in 
Water.  An  .Annotated  Bibliography,"  C.  S.  Navai  Research 
Laboratory  Bibiiograpby  No.  £>.  April,  1961  for  abstracts  of  650 
pubGcatiems  by  over  400  authors  in  more  than  150  Swiss.  German, 
french.  Italian.  Ec^bsh,  and  U.  S.  journals  and  other  sources  Inim 
1818  to  1959. 


MacAdam.  in  a  gja?s-bolto:ned  boat  off  the  east  coast 
of  Florida  to  obtain  the  spertroradiomeiric  data  shotvn 
in  Fig.  1 ;  the  presence  of  reefs  and  sandy  sboak  show 
dearly  in  the  green  region  of  the  spectrum.-  \\'hen  the 
spectrograph  was  flown  in  an  airplane  4300  ft  above  the 
same  ocean  locations,  the  radiance  spiectra  shown  in  Fig. 
2  were  obtained.*  *  The  data,  in  Figs.  1  and  2.  display^ 
in  colorimetric  form  by  Fig.  3,  exliibit  many  intricate 
and  beautiful  phenomena  vrhich  are  manifestations  of 
some  of  the  physical  prindples  discussed  in  this  paper. 

The  importance  of  light  in  the  sea  is  apparent  when 
it  is  recalled  that  solar  radiation  supplies  most  of  the 
energy  input  to  the  ocean  and  supports  its  ecologv' 

’S.  Q.  Duntley.  YisibUht  Sludict  and  Same  Appliujftaits  in  ntc 
Fidd  oj Camoufia^t,  Summary  Ttch.  Rqjt  of  Division  16.  NTDRC 
(ColuTilHa  I'niversity  Press,  194i5(.  Vol.  II.  Chap.  5,  p.  212. 

*See  J.  G.  iloore.  Phil.  Trans.  Roy.  Soc.  iLcndon*  A210. 
163. 1946  48._for  a  method  of  usng  such  Jau  lo  deterrmne  depih 
and  attenuation  coefficients  of  sballow  water. 

‘  Set  G.  A.  Stamm  and  R.  A.  Flengel.  J.  OiJi.  Soc.  .Am.  51. 1090 
.  1961,  for  data  on  the  spectra!  str  tdianvc 'tDiAilcnl  on  iht  underside 
of  an  aircraft  flying  above  the  ocean. 
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tiiroagb  {*!:olo55Tili:esis.  Tee  biological  prodai  ti\ity  of 
an  acre  ocean  fcas  beea  eslimaSeii  to  be,  on  a  woiid- 
adde  average,  compaiabie  to  tint  fA  an  acre  of  land. 
Jlost  of  the  surface  oi  ckit  “water  planet*’  is  covered  by 
seas  and  its  ainiospliere  contains  great  •quantities  of 
water  in  ibe  fonn  of  vapor  and  douds.  Light  in  the  sea 
enables  the  native  inhabitants  of  the  water  world  to 
find  their  food  and  to  evade  attack.  Nowhere  in  nature 
is  protective  coloration  more  perfectly  or  dramatically 
displayed  than  in  the  feeding  grounds  of  the  sea.  Man 
and  his  cameras  may  ■••iew  underwater  scenes  by  means 
of  daylight  or  with  the  aid  of  artificial  lighting  devices. 
Many  biolo^ca!  organisms,  induding  some  living  at 
very  great  dqjth,  produce  their  own  light  at  or  near  the 
wavelength  for  which  water  is  most  transparent,  pre¬ 
sumably  both  for  virfon  and  for  agnaling.  .All  of  these 


WAVElEMSTH  in  MILLtMlCRONS 

Fic-  1.  Spectroradlonietric  curv  es  oi  S^t  from  the  nadir  reach¬ 
ing  a  ^)«»r(gtaj.a  la-Minted  in  a  ^ass-bottomed  boat  over  shoals 
■:ti  Dania.  Florida  fTIarcfa  1944).  Spectral  resolution;  7.7  nv«; 
^atial  resolution:  2.0X10^  sr. 


aspects  of  light  in  the  sea  can  be  treated  by  describing 
the  optical  nature  of  ocean  water,  the  distribution  of 
flux  diverging  from  localized  underwater  light  sources, 
the  propagation  of  highly  collimated  beams  of  light, 
and  the  penetration  of  daylight  into  the  sea.  -An  inte¬ 
grated  account  of  these  topics  is  the  subject  of  this 
paper. 

OPTICAL  NATTOE  OF  OCEAN  WATER 

Most  of  the  optical  properties  of  ocean  water  as  well 
as  many  of  the  prindples  which  govern  the  propagation 
of  light  in  the  sea  can  be  studied  by  injecting  a  highly 
collimated  beam  of  monochromatic  light  into  othenvise 
unlighted  water  and  measuring  all  aspects  of  the  re 
suiting  distribution  of  flux.  This  investigative  approach 
even  provides  a  basis  foi  understanding  the  distribution 
of  daylight  in  the  sea  and  the  submarine  lighting  pro¬ 
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Fic.  2-  SpeclrtJiadjoacetiic  curves  (A  E^t  imm  the  nadir  readi- 
mg  a  ;q)e£trograph  is  an  airplane  4300  ft  aberve  the  same  ocean 
locmons  as  ic  Fig.  1.  Spectral  resolution:  7.0  tSfi;  ^tial  resok- 
tk>a:  32XiO~*  sr. 

duced  bv'  artificial  underwater  light  sources,  for  any 
optical  input  to  the  water  may  be  represented  b^’  an 
appropriate  superposition  of  highly  collimated,  mono¬ 
chromatic  beams.  The  following  paragraphs  describe  a 
variety  of  experiments  which  have  been  made  by  uang 
a  collimated,  uuderwater  light  source?,  shown  schemati¬ 
cally  in  Fig.  4,  at  the  ATsibility  Laboratorj'’s  Field 
Station  at  Diamond  Island,  lake  Wtsiipesaukee,  New 
Hampshire. 

Attenuati,^n  of  a  Collimated  Beam 

If  a  collimated  beam  of  monochromatic  light  is  in¬ 
jected  into  macroscopically  homc^eneous  water  by 


Fig.  3.  QE  chroinalidl}  diagram  showing  lod  of  the  coiora  of 
ocean  shoals  as  seen  from  an  altitude  of  4300  ft  (shorter  curve)  and 
from  a  glass-bottomed  boat  (longer,  upper  curve).  The  points  were 
calculated  from  the  spectral  radiance  data  in  Figs.  I  and  2.  The 
circled  point  i^resents  CIE  source  C. 
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Fig.  4-  Scbesadc  dizgrain  of  the  highly  coUiinatcd  undenrater 
light  source  represented  by  a  cross-hatched  block  m  Figs.  5, 6,  7, 
13, 20,  and  21.  This  source  was  used  in  obtaining  part  or  all  of  tee 
data  presented  in  Figs.  9. 10. 12, 17, 18. 20,  and  22.  Interchange¬ 
able  X  I0<  25.  and  100  w  zirconium  concentrated-arc  lamps  in  a 
waler-tight  aii-iilled  enclosure  produce  nominal  total  beam  ^reads 
of  0  OlO',  0.016%  0.0^“,  and  0.174%  reflectively,  when  nsw  with 
a  Wratten  Xo.  61  green  filter  and  a  fiedally  constructed  air-to- 
water  col&mator  lees  having  an  efieedve  first  focal  length  of 
495  mm.  This  lens,  desigDed  for  the  author  by  Justin  J.  Rennilson, 
is  a  cemented  doublet  55  mm  in  diameter  having  ra^  /i =269.75 
mm,  102.60  mm,  r4=— 325.0  nun  and  axial  thicknesses 

ft  ”  3.0;i:0.2  mm,  /•  ■»  6.5d:0.2  mm.  The  first  dement  is  of  Hayward 
LF  2  ^ass  C;V/)=1.5SOO±;0.0010,  »'=41.0’/  and  the  second  is  of 
Hayward  BSC-1  (.Yn”  1.51  lOiO.OOlO;  »=63  j).  The  free  aperture 
is  o0.0  mm-  The  first  back  focal  length  of  the  doublet  with  its  last 
surface  in  water  is  493.8S  mm.  The  air-glass  surface  was  treated 
for  increased  light  transmission.  The  achromadzalion  is  such  that 
with  the  2-\V  concentrated-arc  lamp  the  extreme  ray  divergence  is 
0X1031“,  0.0039%  and  0.0109*  at 480, 520,  and  589  nv«,  respectively, 
when  the  lamp  is  used  «n  fresh  water  having  a  temperature  of  20‘C. 
A  Wratten  Xo.  61  green  filter  was  used  during  all  of  the  experi- 
mentt-  with  this  lamp,  but  it  does  not  appear  in  Fig.  4  because  it 
was  always  incorporated  in  the  photometer  or  the  camera.  .\n 
external  circular  stop  (not  shown)  can  be  mounted  in  the  water 
close  to  the  lens  whaiever  a  smaller  beam  diameter  is  desired. 

means  cf  an  tmdenvater  projector,  as  suggested  by 
Fig.  5,  it  is  found  that  the  residual  radiant  power  P,® 
reaching  a  distance  r  uiilftoul  hating  been  detialed  by 
any  type  of  scaHering  process  is 

P,'>=Po«--%  (1) 

where  P,  represents  the  total  flu.\  content  of  the  beam 
as  it  leaves  the  projector.  The  zero  superscript  on  P,® 
denotes  the  zero  scatUring  order,  i.e.,  nonscattered  radi¬ 
ant  power.  The  spectral  volume  attenuation  coefficient  a, 
defined  by  Eq  (1),  has  the  dimension  of  reciprocal 
length  and  can  be  expressed  in  natural  log  units  per 
meter  fln/'m),  natural  log  imits  per  foot  On/ft),  etc,  it 
is  a  scalar  point  function  of  position  which  may  \  ar>' 
along  any  underwater  path  of  sight  if  the  water  is 
macroscopically  nonhomogeneous. 

The  attenuation  of  a  beam  of  light  by  water  results 
from  two  independent  mechanisms:  scattering  and  ab¬ 
sorption.  Scattering  refers  to  any  random  process  by 
which  the  direction  of  individual  photons  is  changed 
without  any  other  alteration.  Absorption  includes  all  of 
the  many  thermodynamically  irreversible  processes  bj 
which  photons  are  changed  in  their  nature  or  by  which 
the  energy  they  represent  is  transformed  into  thermal 
kinetic  energy,  chemical  potential  cnerg>,  and  so  on. 
Transformation  of  photon  energy  into  thermal  kinetic 


Fig.  5.  Illustrating  the  geometry  of  Eq.  (1).  The  cross-hatched 
block  represents  the  collimated  underwater  light  source  (projector/ 
shown  sMemalicaJIy  in  Fig  4. 


energy  of  the  water  is  the  major  absorption  mechanism 
in  the  ocean.  Photo^mthetic  conversion  of  Sight  into 
chemical  potential  energj'  is,  of  course,  measurable  and 
\ital  to  ^e  eristence  of  life  in  the  sea.  \Tsible  light 
fluorescence  and  transpectraJ  effects  are  ordinarily  too 
minute  to  be  detected  in  ocean  water.  The  volume  atten¬ 
uation  coefficient  a  is  the  sum  of  the  volume  absorption 
codfficl,  it  a  and  the  total  volume  scattering  co^cient  st 
thusa=c-i-J. 

WareJength  dependence.  The  attenuation  coefficient  of 
all  water  (pure,  distilled,  or  naturai]  varies  markedly 
with  wavelength.  Typical  data  are  summanzed 
Table  I,  wherein  the  reciprocal  of  the  volume  attenua¬ 
tion  coefficient,  called  attenuation  length,  has  been  tabu 
lated  rather  than  attenuation  coefficient  for  three  rea¬ 
sons:  (1)  a  distance  is  easier  to  visualize  and  tc  remem¬ 
ber  than  a  reciprocal  distance,  visibility  calculations 
and  many  e.xperiments  by  swimmers  show  that  any  large 

Table  T.  .Attenuation  length  of  distilled  water 
at  various  wavelengths.*"* 


Wavelength 

Tn;i 


Attenuation  length  (1  o) 
meteis/ln 


400 

13. 

•140 

22. 

480 

28- 

520 

25. 

5c0 

19. 

600 

5.1 

65C 

SJ 

700 

1.7 

•  E.  O.  Hnlbiirt.  J.  Opt.  Soc.  Am.  35,  69S  (I94SI. 
vpor  ultraviolet  attenuation  dau  »ee  r~  H.  Dawjon  and  E.  O.  Hulbart, 
J.  Opt.  Soc.  Am.  24.  175  (1504).  .  ...  ^  „ 

«  For  near  infrared  attenuation  data  Kc  J-  A,  and  C.  C-  Petl>p 

J.  Opt.  Soc.  Am.  ■♦I.  302  fl95I). 


dark  object  (such  as  a  dark-suited  swimming  corapiin- 
ion)  is  just  visible  at  a  horizontal  distance  of  about  4 
attenuation  lengths  when  there  is  sufficient  underwater 
daylight,  (3)  many  physicists  like  to  characterize  any 
absorbing-scattering  medium  (such  as  water)  by  the 
mean  free  path  for  a  photon  in  the  ordinary  kinetic 
theory  sense,  this  is  the  attenuation  length  l,a.  The 
term,  “20-meter  water,”  signifying  water  having 
an  attenuation  length  of  20  m/ln,  facilitates  verbal 
discussions. 

Water  j/ossesses  only  a  single  important  svindow,  the 
peak  of  which  lies  near  480  m/i  unless  it  is  shifted  toward 
the  green  by  dissolved  yellow  substances.  Such  yellow 
solutes,  usually  prominent  in  coastal  waters,  consist  of 
humic  acids,  melanoidins,  and  other  compounds  which 
result  from  the  decoin|K)sitlon  of  plant  and  animal  ma¬ 
terials.  Clear  (x.ean  water  is  so  selective  in  its  absorption 
that  only  a  comparatively  narrow  band  of  blue-green 
light  penetrates  deeply  into  the  sea*  (see  Fig,  1)  but 
this  radiation  has  been  detected  at  depths  greater  than 
600  m  with  a  multiplier  phototube  photometer.* 

‘  J,  E.  Tyler,  Limnology  and  Oceanoi,rajjh>  4,  102  (1959... 

*S.  Q.  Duntl«,  Xatl.  Acad.  3d.  Xail.  Research  Couiivti 
PubL  473,  79  (19^)^ 
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ilany  have  wondered  whether  there  CHSts  any  fine 
structure  in  the  volume  attenuation  function  which  was 
beyond  the  spectral  resolution  available  to  the  investi¬ 
gators  whose  results  are  siunmarized  by  Table  L  Is 
there,  for  example,  a  narrow-band  window  of  high  trans- 
nussion?  It  is  the  concent  of  most  phj-sicists  that  the 
atomic  and  molecular  structures  involved  in  water 
provide  no  reason  to  expect  any  significant  fine  struc¬ 
ture  in  the  spectral  attenuation  fimction.  A  careful 
spectroscopic  examination  of  the  region  from  3750  to 
6S50  A  with  a  resolution  of  0.2  A  and  sensitivity  suffici¬ 
ent  to  detect  a  x'ariation  of  0.02  In  m  in  the  attenuation 
coefficient  has  been  reported  by  Drununeter  and 
Knestrick."  They  detected  no  fine  structure,  i.e.,  no 
narrow-band  window. 

Water  Clarity 

The  clearest  body  of  ocean  water  of  large  e.xteni  is 
reputed  to  be  in  the  Sargasso  Sea,  a  vast  region  of  the 
Atlantic  Ocean  east  of  Bermuda.  Jerlov  has  reported 
very  clear  water  betw'een  Madeira  and  Gibraltar,*  as 


Table  II.  .Attenuation  length  of  the  .Atlantic  Ocean  for  vs-ave- 
length  465  mp  at  various  depths  in  the  vidnity  of  ^laddra  and 
Gibraltar.* 


Dq)th 

meters 

•Attemialion  length  (1/a) 
meters/In 

0-10 

19 

10-25 

20 

25-50 

18 

50-75 

15 

75-90 

16 

•  X.  G.  Jerlov.  Kgl.  Vetenjkap.  Vitterh.  IIsimH.  F.O,  Ser.  B,  BD8.X  :olI 
(IS61). 


sumtiurized  by  Table  11.  Although  clearer  water  was 
found  at  10  m  depth  than  at  90  ra  at  this  location,  the 
reverse  is  often  true  elsewhere.  Optical  oceanographic 
data  are  not  numerous.  Jerlov’s  measurements  during 
the  Sw’edish  Deep  Sea  Expedition  of  1947-48  are  classi¬ 
cal  examples.  Table  III  show’s  some  of  these  data  se¬ 
lected  to  typify  certain  indicated  locations.’ 

DuPre  and  Dawson*  give  many  references  to  w’ater- 
clanty  data ,  users  of  published  data  should  note  care¬ 
fully  whether  the  attenuation  coefficients  reported  are 
e.xpressed  in  In 'm  or  in  log/m  and  whether  the  values 
refer  to  the  attenuation  coefficient  a  for  nonscattered 
light,  as  in  a  collimated  beam,  or  to  some  form  of  dif¬ 
fuse  altenualion  Loefudent  K,  discussed  later  in  this 
paper.  No  single  number  can  adequately  specify  the 
clarity  of  any  natural  w’ater  because  two  independent 
mechanisms,  absorption  and  scattering,  govern  w’atcr 


^L.  F.  Drununeter  and  G.  L.  Xnestrick,  U.  S.  Naval  Research 
Laboratory  Rq)t  No.  5642  (1961). 

’  N.  G.  Jerlov,  Kgl.  Vetenskap.  Mttcrh.  ilandl.  F.6,  Scr.  B, 
BD8  N:o  11  (1961). 

’  N.  G.  Jerlov,  Reports  of  the  Swedish  Deep  Sea  Expedition  of 
1947-48  (1951),  Vol.  HI,  p.  49,  Table  27. 


Table  HI.  .Altenualion  length  of  ocean  wale?  for 
wavdength  440  atn  at  various  locations.* 


Locatic>n 

.Attenuation  length  fl'a) 
meters ’In 

Caribbean 

8 

Padfic  N.  Equatorial  Current 

12 

Pacific  Countercurrent 

12 

Pacific  Equatorial  Divergence 

10 

Padfic  S.  Equatorial  Carrent 

9 

Gulf  of  Panama 

6 

Galapagos  Islands 

4 

*  X.  G.  Jolov,  Repesru  of  the  Svedish  Deep  Sea  Expedition  of  1947-IS 
(1951),  VoL  3.  p.  49.  Table  27. 


darity.  Even  for  monochromatic  light,  at  least  two  co¬ 
efficients,  such  as  a  and  K,  are  required,  and  a  more 
complete  specification  requires  data  on  the  volume  scat¬ 
tering  function  a(d),  defined  in  the  paragraphs  which 
follow. 

Daylight,  abundant  in  the  mixed  layer  near  the  sur¬ 
face,  supports  the  growth  of  phytoplankton  in  the  bi¬ 
ologically  productive  regions  of  the  oceans.  These,  in 
turn,  feed  a  zooplankton  population.  The  transparent 
planktonic  organisms,  ranging  in  size  from  microns  to 
centimeters,  scatter  light  and  thereby'  produce  optical 
attenuation.  Settling  of  the  plankton,  particularly  after 
death,  tends  to  produce  a  high  concentration  of  these 
scatters  Just  above  the  thermocline  which  ordinarily 
e.xists  at  the  lower  boundary  of  the  mixed  layer  in  the 
sea.*®  Below'  the  thermocline  lies  clearer  water  which 
may  be  optically  uniform  for  tens  or  hundreds  of  meters 
before  some  different  water  mass  is  encountered.  In¬ 
terestingly,  the  optical  structure  of  the  occ-an  resembles, 
in  a  sense,  that  of  the  atmosphere  if  depth  is  consideretl 
as  analogous  to  altitude  and  a  proper  allowance  is  made 
for  the  decrease  of  atmospheric  density  with  height 

Scattering 

Scattering  of  light  in  the  sea  is  predominantly  due  to 
transparent  biological  organisms  and  particles  large 
compared  with  the  w’avelength  of  light.  The  magnitude 
of  the  scattering  is,  therefore,  virtually  independent  of 
wavelength.**  The  variation  of  attenuation  length  ivith 

*■*  MulUple  ihennoclincs  often  form  in  the  upper  portion  of  the 
sea;  the  maximum  optical  attenuation  is  associated  with  the 
maximum  vertical  temperature  gradient  and  frequently  falls  on  a 
secondary  thermocline.  Internal  waves  shift  the  scattering  layer 
vertically.  See  E.  C.  La  Fond,  E.  G.  Bamham,  and  W.  H.  Arm¬ 
strong,  U.  S.  Navy  Electronics  Laboratory  Rept.  1052  (July  1961), 
p.  15.  Also  sec  J.  Joseph,  Deut.  Hydrograph.  Z.,  Nr.  5  (1961). 

“  Ijcaitenng  is  also  contributed  b>  fine  particles,  by  molecules  of 
water,  and  by  various  solutes,  but  these  contributions  are  usually 
quite  minor  and  often  difficult  to  detect.  Even  in  very’  clear,  blue 
ocean  water  scattering  by  water  molecules  produces  only  7%  of 
the  total  scattering  coefficient  and  b  dominant  only  at  scattering 
angles  near  90*,  where  it  provides  more  than  2/3  of  the  scattered 
intensity  (see  reference  8);  although  the  magnitude  of  this  small 
component  of  scattering  varies  inversely  as  the  fourth  power  of 
wavelength  (\"*),  it  is  so  heavily  masked  by  nonsclective  scattering 
due  to  large  particles  that  total  scattering  in  the  sea  is  virtually 
independent  of  wavelength.  The  prominent  blue  color  of  clear 
ocean  water,  apart  from  sky  reflection,  is  due  almost  entirely  to 
selective  absorption  by  water  molecules. 
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Fib.  6.  Poku  diagram  illustrating  Ra>lagh  scattering  b}  pure 
water.  The  ratio  of  the  light  scattered  into  the  rear  hemisphere  to 
that  scattered  into  the  forward  hemi^here  is  1  to  1.  The  cross- 
hatchMl  block  represcrits  the  collimated  underwater  light  source 
down  schematically  in  Fig.  4. 

tvavdengih  Tabic  I)  is  due  almost  wholly  to  selec¬ 
tive  absorption. 

In  the  blue  region  of  the  spectrum,  centering  at  480 
mp,  approximately  609c  of  theattenuationcoefficientof 
clear,  blue  ocean  water  is  due  to  scattering  and  409©  is 
due  to  absorption;  e.g.,  s= 0.030  In/m  and  a=0.020 
In/m.*  In  all  otlier  spectral  regions  absorption  is  over¬ 
whelmingly  predominant  in  very  clear  water. 

Since  scattering  is  virtually  indejjendent  of  wav.,*- 
length  its  detailed  nature  is  best  revealed  by  means  of 
experiments  conducted  at  or  near  the  wavelength  of 
minimum  absorption.  This  means  experiments  with  blue 
light  in  clear,  blue  ocean  water  and  experiments  with 
green  light  in  greenish  coastal  and  lake  waters. 

Scaittring  by  pure  'cater.  Consider  a  scattering  e.xperi- 
ment  performed  in  pure  water,  that  is,  in  water  mole¬ 
cules  containing  no  dissolved  or  particulate  matter  what¬ 
soever.  As  in  Fig.  6,  consider  an  element  of  volume  dv 
receiving  collimated,  nonpolarized,  monochromatic  ir- 
radiance  H  to  act  as  source  of  scattered  light,  producing 
radiant  intensity  dJ  (i?)  at  scattering  angle  d.  Scattering 
by'  the  water  molecule  will  be  Rayleighian,  with 
dJid)'^\~*  andwth  the  shape  of  the  intensity  function 
dJ(d)  characterized  by  (l-{-0.835  cos*i?)  (see  reference 
12).  Since  even  the  most  elaborately  prepared  distilled 
water  samples  show  particulate  matter  when  e.xamincd 
in  a  light  beam,  scattering  by  truly  pure  v/ater  has  prob¬ 
ably  never  been  measured. 

Scattering  by  distilled  'cater.  A  colleague,  John  E. 
Tyler,  has  performed  scattering  experiments  in  many 
samples  of  commercial  distilled  water'*;  Fig.  7  show's  a 
typical  result.  Obviously,  the  scattering  produced  by 
this  sample  of  distilled  water  is  very  different  from  that 


Fig.  7.  Polar  diagram  illustrating  measured  scattering  by  a 
typical  sample  of  commeiual  distilled  water.  The  ratio  of  the  light 
scattered  into  the  rear  hemisphere  to  that  scattered  into  the  for 
ward  hemisphere  is  1  ti.  6  for  this  water  sample.  Data  arc  by  Tyler 
(see  reference  13).  The  scale  of  this  polar  plot  is  smaller  than  that 
used  in  Fig.  6. 


**  L.  H,  Dawson  and  E.  0.  Ifulburt,  J.  Opt.  Soc.  Am.  31,  5S1 
(1941). 

'*  J.  E.  Tyler,  Limnology  and  Oceanography  6, 451  (1961). 


predicted  for  pure  water.  The  predominant  forward  scat¬ 
tering  is  cau^  by  a  comparatively  few  large  particles. 
The  dotted  curve  may  be  regarded  either  as  a  polar 
plot  of  the  radiant  intensity  dj(d)  or  of  the  rolume 
scattering  function  a{d),  defined  by  the  equation 
dJid)=(r{h)  Hdv,  where  F  is  the  irradiance  produced 
by  the  collimated  lamp  0.1  the  volume  dv.  The  dimension 
of  o{&)  is  reciprocal  length;  typical  units  are  reciprocal 
steradian-me;ers  or  reciprocal  steradian-feet.  The  polar 
curve  in  Fig.  7  is  not  complete,  it  begins  at  i?  =  22  1/2® 
and  stops  at  «?-=  165°.  All  conventional  scattering  meters 
designed  to  be  used  in  situ  possess  the  limitation  that 
they  cannot  measure  scattering  at  small  angles.  For 
tunately ,  tht  total  scattering  coefficient  s,  defined  by 
the  relation 

s=2t  f  aid)  siniJd^, 

Jo 

is  insensitive  to  the  magnitude  of  small-angle  fonvard 
scattering.  Unfortunately',  how’ever,  the  propagation 
of  highly  collimated  light  does  depend  importantly  on 
small-?mgle  scattering. 

Small-angle  scattering.  The  author  has  devised  a 
special  (coa.xial)  in  situ  scattering  meter  to  supply  the 
missing  forward  part  of  the  curve.  Figure  8  is  a  schema¬ 
tic  diagram  of  the  instrument.  It  shows  the  optical  sys¬ 
tem  adjusted  to  measure  the  volume  scattering  function 
at  a  scattering  angle  of  1/2  deg.  Such  a  datum  w'as  ob¬ 
tained  with  the  coaxial  scattering  meter  at  the  Diamond 
Island  Field  Station  and  detemunes  the  upper  end  of 
the  upper  curve  in  Fig.  9.  This  may  be  the  first  hi  situ 
measurement  of  .small-angle  scattering  by  natural  water. 
The  very  large  scattering  found  at  small  scattering 
angles  is  believed  to  have  been  caused  primarily  by  re- 


Fic.  8.  Coaxial  scattering  meter  for  in  situ  measurement  of  the 
volume  scattering  function  at  small  scattering  angles.  In  this 
schematic  drawing  the  vertical  .scale  has  been  exaggerate  five 
times  over  the  horizontal  scale  in  order  to  illustrate  lie  prindple 
of  the  device  more  clearly.  The  collimated  underwater  light 
source  shown  in  Fig.  4  is  used  with  the  addition  of  an  external 
opaque  central  stop  which  resui  ts  in  the  formation  of  a  thin-wajled 
hollow  cylinder  of  light.  This  traverses  26  in.  of  water  to  a  high- 
quality  glass  window’  behind  which,  in  air,  is  a  photoelectric 
telephotometer  with  a  2°  total  field  of  view.  The  light  source  and 
the  telephotomcter  are  coaxial,  but  the  latter  is  equipped  with  an 
external  stop  small  enough  to  exclude  the  hollow  cyhnder  of  light 
so  that  only  fight  scattered  by  the  watt.;  is  collected.  The  c>  findri- 
cal  scattering  volume  is  indicated  by  ctuss-hatching.  The  upper 
hmit  of  the  scattering  angle  is  determined  by  the  field  of  the  tele- 
photometer  and  the  lower  limit  is  set  by  the  size  yl  its  external 
stop,  i.e.,  by  the  entrance  pupil.  A  detailed  geometrical  analysis  of 
the  configuration  depietd  above  shows  that  the  scattering  is 
measured  at  0.47  deg±0.15°;  this  datum  is  used  as  the  volume 
scattering  function  for  1/2°  scattering  angle  in  Figs.  9  and  10. 
Photometric  calibration  of  the  scattering  meter  is  achieved  by 
removing  the  external  stop  on  the  telephotomcter. 
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fractivc  deviations  produced  by  the  passage  of  the  col- 
limatc'd  light  beam  through  transparent  plankton  hav¬ 
ing  an  index  of  refraction  close  to  that  of  water.  The 
curve  shape  at  small  scattering  angles  is  chosen  to  sug¬ 
gest  that  the  magnitude  of  the  volume  scattering  func¬ 
tion  may  merge  tangentially  with  that  of  the  irradiating 
beam  at  vanishingly  small  angles. 

Chemists  have,  for  many  years,  made  laboratory 
measurements  of  very  small-angle  scattering  from  tiny 
volumes  of  scattering  iriaterials.”  Koslyaninov’*  has  re¬ 
ported  volume  scattering  measurements  at  angles  down 
to  1  deg  by  means  of  a  shipboard  laboratory  apparatus 
using  water  samples  brought  on  board  for  measurement. 
Figure  10  shows  the  data  of  Koslyaninov  for  the  East 
China  Sea  superimposed  upon  the  lake  data  from  Fig. 
9  af'er  normalization  at  a  scattering  angle  of  90“.  as 
denoted  by  the  small  circle  in  the  figure.  The  for.7ard- 
scattering  portions  of  the  curves  are  similar  in  shape. 


Fig.  9.  Volume  scatering  function  curves  for  pure  water 
(Dewson  and  Hulburl,  see  reference  12),  the  Atlantic  between 
Madeira  and  Gibraltar  (Jerlov,  see  reference  8),  and  the  Diamond 
Island  Field  Station,  Lake  Winnipesaukee,  New  Hampshire.  The 
upper  curve  (lake)  represents  in  situ  measurements  at  5°  intervals 
between  scattering  angles  20®>iJ>l00‘’  by  means  of  a  conven¬ 
tional  type,  pivoted-arm  scattering  meter  and  a  single  datum  at 
t>=0.5®  obtained  in  situ  with  the  coaxial  scattering  meter  shown 
schematically  in  Fig.  8;  the  data  are  of  20  August  1961;  and  are 
for  g  ecn  light  isolated  by  means  of  a  Wratten  No.  61  filter 


“  H.  F.  Aughey  and  F.  J.  Baum,  J.  Opt.  Soc.  Am.  4  <,  833  (1951). 
“M.  V.  KosK’aninov,  Trudy  Inst.  Okeanol.  Acad.  Nauk 
S.S.S.R.  25,  134  (1957). 


Fic.  10.  Comparison  of  the  shape  of  the  in  situ  volume  scattering 
function  data  for  Lake  Winnipesaukee,  New  Hampshire,  from 
Fig.  9  with  the  shape  of  a  curve  r^resenting  the  in  tito  scattering 
data  obtained  byKosb’aninov  (see  reference  15)  uang  a  shipboard 
laboratory*  apparatus  and  a  sample  of  water  taken  from  the  East 
China  Sea.  The  curves  have  been  normalized  at  a  scattering  angle 
of  90"  (circled  point)  for  purposes  of  shape  comparison. 
Koslyaninov  used  blue  light  isolated  by  means  of  an  absorption 
filter  having.an  effective  wavelength  of  494  mn;  he  reported  data 
at  scattering  angles  of  1,  2.5,  4,  6,  10,  15,  30.  50,  70,  110,  and 
144  deg.  The  curves  are  similar  in  .Miape  for  scattering  angles  less 
than  60" 

Comparison  wilh  distilled  water.  Figure  11  shows  a 
comparison  of  scattering  measurements  by  Tyler'* 

of  commercial  distilled  water  and  clear  Pacific  water. 
Ocean  water  scatters  more  light  than  does  distilled 
water  but  the  similarity  of  the  shape  of  the  curves  is 
striking  and  interesting  in  its  implication  of  the  pre¬ 
dominant  role  of  large  particle  scattering. 


> 


Fig.  11.  Comparison  of  in  situ  scattering  data  by  Tyler  (see 
reference  13;  in  clear  Pacific  ocean  water  near  Catalina  with  com¬ 
parable  data  for  a  typical  sample  of  commercial  distilled  water. 
Both  curves  were  obtained  with  the  same  pivoted-arm  scattering 
meter  and  are  in  the  same  relative  units.  The  data  are  for  green 
light  isolated  by  means  of  a  Wratten  No.  61  filter. 
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Fig.  12.  Comparison  of  scattering  data  by  seven  investigators 
using  disarallar  instruments  in  seven  jiflerent  parts  of  the  world. 
All  curves  arc  superimpcsed  at  a  scattering  angle  of  90’,  as  indi¬ 
cated  by  the  circled  point.  Gross  rimilarity  in  curve  shape  is 
apf^ent  in  the  forward  (0<^<9C°)  scattering  directions  de^ite 
major  differences  in  water  clarity  (2  m/ln<l/to<20  m/lnj,  spec¬ 
tral  re^on,  geographical  location,  instrumental  design,  and  experi¬ 
mental  te^nique.  Most  of  the  scattering  in  natural  waters  is 
caused  by  trani^arent  orranbms  and  particles  large  compared 
with  the  wavelength  of  li^t.  The  scattering  is  believed  to  result 
chiefly  from  refraction  and  reflection  at  the  surfaces  of  these 
scatterers.  As  a  consequence,  scattering  at  small  forward  angles 
predominates  and  polarized  light  tends  to  preserve  its  polarization. 
To  the  extent  that  all  scattering  curves  have  identical  shapes  the 
scattering  by  natural  waters  can  be  specified  in  terms  of  some 
single  number,  such  as  the  total  volume  scattering  coefficient  s  or 
the  volume  scattering  function  at  some  selected  angle. 

Comparison  between  natural  waters.  A  comparison  of 
the  scattering  properties  of  natural  waters  is  afforded 
by  Fig.  12,  which  shows  a  superposition  of  measurements 
by  seven  different  investigators  using  seven  dissimilar 
instruments  in  seven  different  parts  of  the  world.  Three 
of  the  measurements  were  made  with  blue  light,  two 
were  made  with  green  light,  the  dashed  curve  was  ob¬ 
tained  with  red  light,  and  one  investigator  employed 
white  light.  The  attenuation  lengths  of  the  waters  ranged 
2  m/ln  for  the  author’s  lake  data  to  20  m/ln  in  the  case 
of  Jerlov’s  data  for  the  Atlantic.  It  appears  that  the 
.shape  of  the  forward  portion  of  the  volume  scattering 
function  is  remarkably  similar  in  all  of  these  natural 
waters,  but  that  significant  differences  occur  in  the 
character  of  the  backscattering  they  produce. 

Although  it  is  a  useful  first-order  concept  that  natural 
waters  are  somewhat  similar  in  the  shape  of  their 


volume  scattering  functions,  it  is  important  to  note 
therefore  that  measurable  differences  apparently  exist 
and  that  ocean  water  masses  might  tl-erefore  be  identi¬ 
fied  by  their  scattering  function  curves. 

Multiple  scattering.  The  propagation  of  light  in  the 
sea  is  complicated  by  multiple  scattering.  Consider,  as 
in  Fig.  13,  a  plane  surface  irradiated  at  normal  incidence 
by  the  collinsated  lamp  shown  in  Fig.  4.  Every  point  on 
the  plane  receives  scattered  light  from  every  volume 
element  within  the  light  beam.  It  receive,  moreover, 
multiply  scattered  light  from  every  elementary  volume 
of  water  near  the  beam.  In  fact,  eveiy  volume  element 
within  the  sea  is  irradiated  by  every'  other  volume 
element  both  inside  and  outside  the  beam.  The  figure 
illustrates  how  irradiation  is  produced  throughout 
the  plane  by  second-,  third-,  and  fourth-order  scattering. 

Although  theoretical  treatments  of  the  effects  of  mul¬ 
tiple  scattering  on  the  distribution  of  light  in  the  sea 
both  from  underwater  sources  and  from  daylight  have 
been  undertaken  with  partia'  success  by  several  workers, 
no  fully  practical  solution  has  yet  been  evolved.  Some 
derivations  include  only  secondary  scattering  and  neg¬ 
lect  higher-order  effects.  Others,  following  the  prac¬ 
tice  of  neutron  physics,  assume  the  scattering  to  be 
virtually  isotropic,  that  is  to  say,  the  shape  of  the 
volume  scattering  function  is  assumed  to  be  spherical  or 
nearly  so:  this  is,  of  course,  highly  unrealistic.  Four 
patterns  of  approach  characterize  the  theories:  (1) 
Multiple  integration  using  the  volume  seattering  func¬ 
tion,  the  attenuation  eoelfieient  a,  and  the  inverse 
squa/e  law;  these  treatments  suffer  from  complexity, 
are  never  complete,  and  mci>  neglect  :>izeablc  compon¬ 
ents  of  flux  but  some  useful  approximate  solutions  have 
been  achieved  in  special  cases,  Diffusion  theory.  This 
applies  rigorou5l>  onl>  to  Isotropic  or  very  mildly  non¬ 
isotropic  scattering  systems  which  are  not  found  in  the 
sea;  nevertheless,  considerable  yjecess  has  been 
achieved  in  the  pre'dictlon  of  irradiance  at  long  ranges; 
diffusion  theory  is,  however,  unable  to  yield  much  in¬ 
formation  concerning  the  directional  characteristics  of 
the  underwater  light  field.  (3)  Radiative  transfer.  This 
method  is  based  upon  equations  of  transfer,  sometimes 
in  vector  form;  these  integro-differential  equations  are 
solved  in  practice  by  iterative  procedures  on  the  largest 
electronic  computers.  (4)  Monte  Carlo  procedures.  These 
also  require  the  use  of  large  electronic  computers.  Al- 


Fig  13.  Illustiating  the  irradiation  of  an  object  by  multiply 
scattered  light  at  arbitraiy  points  inside  and  outside  the  light 
beam.  The  dotted  curve  associated  with  each  cross-hatched 
volume  element  has  the  shape  show  n  in  Fig.  7  a,nJ  represents  a 
polar  plot  of  the  volume  scattering  function.  The  need  for  addi¬ 
tional  scattering  data  at  small  fonvard  angles  is  obvious. 
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though,  in  principle,  either  of  the  t*.vo  latter  approaches 
appears  to  be  capable  of  handling  all  underwater  light 
propagation  problems,  neither  has  thus  far  achieved 
appreciable  practical  success  in  the  treatment  of  point 
source  or  collimated  beam  geometries,  for  the  calcula¬ 
tions  are  too  massive  for  even  the  largest  of  electronic 
computers.  Success  has,  however,  been  achieved  for  the 
case  of  daylight  in  the  sea,*®  wherein  the  development  of 
theory  and  the  evolution  of  practical  computation  pro- 
ced«u:es  followed  quickly  after  e.xp<.'riin£ntal  e.\plorations 
of  underwater  daylight  radiance  distributions  had 
produced  a  body  of  data,  described  later  in  this  paper, 
from  which  valid  assumptions  could  be  made  and  against 
which  predictions  could  be  checked.  This  e.\peiience 
prompted  the  author  to  begin  a  program  of  experimen¬ 
tal  axplorations  of  the  distribution  of  light  produced  by 
submerged  divergent  light  sources  and  by  collimated 
lamps  underwater.  These  explorations  are  still  in  pro¬ 
gress,  but  some  of  the  conclusions  reached  thus  far  are 
summarized  in  the  following  section. 

DIVERGENT  LIGHT  IN  THE  SEA 

Marine  organisms  which  emit  nearly  hemispherical 
flashes  of  light  are  found  at  virtually  all  depths  in  the 
sea.  Underwater  lighting  for  vision,  television,  or  photog¬ 
raphy  is  often  accomplished  by  means  of  incandescent 
lamps  or  flash  tubes  which  approximate  point  sources 
and  emit  divergent  flux.  Quantitative  prediction  of  the 
irradiation  produced  by  such  lamps  at  the  object,  on 
its  background,  and  throughout  the  observer’s  path  of 
sight  can  enable  optimum  lighting  arrangements  and 
camera  positions  to  be  plannc*d  in  advance  and  e.xposure 
to  be  predicted  with  sufficient  accuracy'^  to  permit  high- 
contrast  photographic  techniques  to  be  employed 
effectively. 

Apparent  Radiance  at  the  Object 

Every  undenvater  object  and  every  elementary 
volume  of  water  irradiated  by  a  submerged  divergent 
light  source  is  lighted  by  an  apparent  radiance  distri¬ 
bution  which  depends  upon  the  radiant  intensity  dis¬ 
tribution  of  the  lamp,  the  optical  properties  of  the 
water,  and  the  lamp  distance.  This  radiance  distribu¬ 
tion  can  be  seen,  photographed,  and  measured  by  an 
observer  stationed  at  the  position  of  the  object.  To  such 
an  observer  a  receding,  uniform,  spherical  lamp  appears 
to  be  surrounded  by  a  glow  o'"  scattered  light  which  be¬ 
comes  proportionately  more  prominent  as  lamp  dis¬ 
tance  is  increased,  until  at  some  range,  often  18  to  20 
attenuation  lengths,  the  lamp  image  can  no  longer  be 
discerned  and  only  the  glow  is  visible.  The  glow,  how¬ 
ever,  may  be  seen  for  a  considerably  greater  distance, 
depending  upon  the  radiant  intensity  of  the  source 
and  the  ambient  level  of  light  in  the  sea. 

Apparent  radtanu  of  the  lamp.  Densitometric  meas- 

**W.  H.  Richardson  and  R.  \V.  Preisendorfer,  Scripps  Inst- 
Oceanog.,  Ref.  60-13  (1960). 


Fic.  14.  Apparent  radiance  of  a  unlfonn,  spherical  underwater 
lamp  at  various  distances,  illustrating  the  ei^nentlal  nature  of 
the  attenuation  of  apparent  lamp  radiance  with  distance.  Photo¬ 
graphic  photoir,etiy  was  employed  using  a  Wratten  No.  61  filter 
and  Eastman  Plus  X35-inm  film  (Emulaon  No.  S051-^16A) 
developed  to  unity  gamma  in  D-76.  Evposure  time  at //1.5  varied 
from  1.75  msec  at  a  lamp  distance  of  10.5  ft  to  180  000  msec  when 
the  lamp  was  80  ft  from  the  camera.  The  source  of  light  was 
a  1000-W  incandescent  “diving  lamp”  (No.  MG25/1)  manu¬ 
factured  by  the  General  Electric  Company.  The  3  in.  spherical 
lamp  envelope  was  qjrayed  with  a  white  gloss  l^uer  in  order  to 
produce  a  uniform  translucent  white  covering  whidi  gave  the  lamp 
the  same  radiant  intensityj  in  all  directions  (to  within  ±7%)  ex¬ 
cept  toward  the  base,  which  was  turned  awaj’  from  the  catnera 
Two  or  more  ensure  times  differing  by  5-  or  10-fold  were  used 
at  each  lamp  distance.  Open  circles  represent  data  from  a  angle 
Urae  of  exposure,  solid  ^ints  indicate  that  identical  valu«  of 
apparent  radiance  were  obtained  from  negatives  made  with  two 
different  exposure  times.  A  solid  straight  line,  representing  an 
attenuation  length  l/a=5,00  ft^n,  has  been  drawn  near  the 
points.  Dashed  h'ncs  corresponding  to  attenuation  lengths  of 
4.72  ft/ln  and  5.12  ft/ln,  respectively',  represent  values  measured 
by  means  of  a  light-beam  transmissometer  before  and  .after  the 
all-night  experimental  sesaon.  Cooling  of  the  water  during  the 
night  correlated  with  the  observed  increase  of  attenuation  length, 
presumably  due  to  plankton  shrinkage.  Data  are  of  26  August 
1959  at  Diamond  Island  Field  Station. 

urements  of  the  lamp  images  in  a  series  of  photographs 
of  a  receding  spherical  underwater  light  source  pr^uced 
the  results  shown  in  Fig.  14,  wherein  the  close  fit  of  the 
data  to  the  solid  straight  line  shows  tnat  the  apparent 
radiance  of  the  lamp  is  attenuated  exponentially,  as  the 
equation 

Nr- Noe-"',  (2) 

where  N,  is  the  apparent  radiance  at  distance  r,  .Vo  is 
the  inherent  radiance  of  the  lamp  surface,  and  a  is  the 
attenuation  coefficient  for  apparent  radiance.  The 
dashed  lines,  constructed  from  data  secured  with  a 
light-beam  transmissometer  designed  to  conform  with 
the  requirements  of  Eq.  (1),  provide  evidence  that  nu¬ 
merically  identical  attenuation  coefficients  a  apply  in 
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Fig.  15.  Angular  distribution  of  apparent  radiance  produced  by 
a  uniform,  ^hcricaJ,  undero-ater  lamp  at  distances  of  8.5,  183, 
29,  and  39  feet.  The  lamp  was  identical  to  the  one  described  in 
coimection  with  Fig.  14.  The  photometrj'  was  by  means  of  an 
automatic  scanning,  photoelectric,  telephotometer  having  a 
circular  acceptaiKe  cone  035°  in  diameter  and  with  its  spectral 
repose  limited  by  a  Wratten  No.  61  filter.  .Attenuation  length 
was  5.1  ft/ln.  Data  are  of  3  August  1961  at  the  Diamond  Isl^d 
Field  Station. 


Eqs.  (1)  and  (2),  indicating  thereby  that  images  are 
formed  by  photons  transmitted  without  being  scattered 
and  that  the  contribution  of  scattered  light  to  the  ex¬ 
posure  of  the  image  portion  of  the  negative  was 
negligible. 

Apparent  radiance  of  the  glow.  Distributions  of  the 
apparent  radiance  of  the  glow  surrounding  the  distant 
lamp  were  obtained  by  densitometry  of  the  same  series 
of  photographs,  but  more  accurate  restilts  have  been 
achieved  by  means  of  an  automatic  scanning  photoelec¬ 
tric  telephotometer  which  was  more  free  from  stray 
light  than  ^vas  the  camera.  Distributions  of  apparent 
radiance  as  measured  photoelectrically  from  the  target 
position  are  shown  in  Fig.  15.  The  irradiance  on  any 
surface  of  the  target  facing  the  lamp  can  be  computed 
from  these  curves  and,  if  the  reflectance  and  gloss  char¬ 
acteristics  of  the  target  surfaces  are  knowii,  the  inherent 
radiance  of  the  target  in  any  specified  direction  can  be 
calculated.  If,  moreover,  the  volume  scattering  func¬ 
tion  of  the  w'ater  and  its  attenuation  length  are  known, 
calculations  of  inherent  backgroimd  radiance,  path 
radiance,  and  apparent  target  contrast  can  be  made 
from  Fig.  15. 


Irradiance  at  the  Object 

The  surface  of  any  undenvater  object  is  irradiated 
by  (1)  direct  (nonscattered;  light  from  the  lamp  and 
(2)  scattered  light.  The  nonscallered  or  monopath  ir~ 
rediame  Et°  produced  at  normal  incidence  by  a  lamp 
radiant  Intensity  J  at  distance  r  is  given  by  the  relation 

H°=J<r‘ir\  (3) 

In  addition  to  Hf,  the  object  is  irradiated  by  the 
scattered  or  multipath  irradiance  Hr*.  Thus  the  total 


irradiance  nT=U^-^H*.  Since  H,  can  be  mtamred 
isec  Fig.  16)  and  HP  can  be  calculated  by  means  of 
Eq.  (3),  H*  can  be  found  by  subtraction;  thus, 
Hr*=Hr-HP. 

Diffusion  theory*'-’*  based  upon  the  assumption  of 
isotropic  scattering  suggests  that 

Hr*=JKe-^rAirr,  (4) 

where  Tc  is  an  attenuation  coefficient  for  scattered  light. 
If  this  K  is  given  a  value  numerically  equal  to  the  at¬ 
tenuation  function  for  daylight  scalar  irradiance  k,  as 
discussed  later  in  the  portion  of  this  paper  devoted  to 
daylight  in  the  sea,  Eqs.  (S}  and  (4),  when  summed,  fit 
the  data  of  Fig.  16  within  experimental  uncertainty 
both  at  short  and  at  long  lamp  distances;  between  10 
ft  (2  attenuation  lengths)  and  70  feet  (14  attenuation 
lengths),  however,  the  measured  total  irradiance  is  as 
much  as  twice  the  predicted  values.  A  semlempirical 
modification  of  Eq.  (4)  which,  added  to  Eq.  (3),  fits 
the  data  of  Fig.  16  within  e.\ptrimental  error  Is 

Effect  of  beam  spread.  Undenvater  sources  of  diver¬ 
gent  light  are  seldom  completely  spherical  in  their 
radiant  intensity  distribution.  Man>  undenvater  lamps 


Fic.  16.  Total  iiradiance  produced  at  various  distances  by  a 
uniform,  sphericid  underwater  lamp  at  tb :  Diamond  Island  Field 
Station.  The  solid  curve  was  passM  through  the  data  points  by 
means  of  a  least  squares  proewure.  The  lamp  was  identical  with 
the  one  described  i.i  connection  with  Fig.  14.  The  photometrv  was 
by  means  of  an  underwater  photoelectric  irradiance  meter  facing 
directly  toward  the  Limp.  The  spectral  response  of  theinudiometer 
was  limited  by  means  of  a  Wratten  No.  61  green  riltei.  The 
attenuaUon  length  of  the  water  was  5.0  ft/ln.  Data  .ire  of  26 
August  1959. 


S.  Glasstone  and  M.  C,  Ediund,  Elements  of  Nuclear  Reactor 
Theory  (D.  Van  Nostrand  and  Company,  Inc.,  Princeton,  New 
Jersey,  1952),  p.  107. 

’*  R.  W.  Preisendorfer  (private  communication). 
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unit  roughly  conical  patterns  of  ilux  20-  or  more  in 
total  angular  extent,  ifonopath  irradiance  is,  of  course, 
unaffeeted  by  the  beam  spread,  and  the  effect  on  multi- 
path  irradiance  is  not  large  unless  the  lamp  produces  a 
highly  collimated  beam.  Rxperiments  with  an  imder- 
water  light  source  having  a  continuously  variable  beam 
spread  down  to  20'  resulted  in  an  empirical  modification 
of  Eq.  (5)  to  the  form 

Hr*=  (2.5— 15  logi,2y 

XC1+7(23-  d)‘  -kr,  (6) 

where  0  is  the  total  beam  spread.  Equation  (6)  should 
not  be  used  for  beam  spreads  less  than  20°. 

Equations  f4),  f5),  and  (6)  have  been  tested  by  the 
author  only  at  the  Diamond  Island  Field  Station,  but 
because  of  the  similarity  in  the  shape  of  the  vol’rme  scat¬ 
tering  functions  of  natural  ftaters,  a*  Illustrated  bj  Fig. 
12,  they  may  have  nearly  universal  applicability  as  ap- 
pro-ximations  for  engineering  purposes. 

COLLIMATED  LIGHT  IN  THE  SEA 

Underwater  projectors  producing  beam  spreads  small 
compared  with  1°  e.xhibit  distinctive  properties.  T\Tien 
seen  from  the  position  of  the  irradiated  target,  the  head- 
on  appearance  of  a  distant,  highly  collimated  lamp  is 
remarkably  similar  to  that  of  a  broad-beam  lamp  at 
some  lesser  range.  Thus,  the  bright  disk-shaped  image 
of  the  lamp  is  surrounded  by  a  glow  of  sca  ^^ered  light, 
having  an  apparent  radiance  distribution  like  that 
shown  in  Fig.  17.  Although  it  is  difficult  to  distinguish 
a  distant  collimated  lamp  from  a  distant  divergent 
source  when  each  is  observed  from  within  its  beam, 
radiance  distribution  measurements  reveal  subtle  dif¬ 
ferences,  the  nature  of  which  can  be  seen  by  comparing 
Figs.  15  and  17. 

The  appearance  presented  by  a  moderately'  distant, 
slightly  averted  collimated  lamp  is,  however,  v'ery  dif 
ferent  from  that  of  its  divergent  counterpart  because 
the  Intense  small-angk  scattering,  common  to  all  natural 
waters,  produces  a  readily  visible,  sharply  defined, 
nearly  cylindrical  luminous  cjlunm  extending  toward 
the  observer  from  the  collimated  lamp.  Xear  the  lamp 
and  on  the  axis  of  this  column  the  monochromatic 
monopath  irradiance  normal  to  the  beam  at  distance 
r  is  Z7,'’=/7oe~“',  where  the  irradiance  Ho  in  the  water 
at  the  lens  of  the  projector  is  given  by  Ho=J^D~-  in 
term,>  of  raaiiant  intensity  /,  total  beam  spread  and* 
diameter  D  of  the  light  beam.  Beyond  the  distance 
r'—D,'>p,  at  which  the  lens  replaces  the  source  as  the 
aperture  stop  of  the  irradiating  system,  is  given  by 

Z7,®=  Ht^^['D!'^Tf=Efr^^l{Tlt>y-  (7) 

if  diffraction  is  negligible. 

The  dashed  lines  in  Fig.  18  illustrate  the  foregoing 
relations  appl-k-d  to  the  case  of  three  collimated  lamps 
having  a  dive.gence  of  L6''  and  e.xit  pupil  diameters 
of  1/3(X),  2  3(X),  and  8/  3(X)  of  an  attenuation  length. 


DECREES 

Fig.  17.  Apparent  radiance  produced  by  scattering  from  the 
beam  of  the  highly  collimated  underwater  lamp  shown  in  Fig.  4. 
The  photometiv  was  bv  means  of  an  automatic  scanning,  photo 
electric  telephotometer  having  a  circular  acceptance  cone  0  in 
diameter  and  with  its  spo;tral  re^nsc  limitw  by  a  Wratten  No. 
61  filter.  The  beam  from  .oe  lamp  had  a  divergence  of  0.01®;  it  was 
directed  toward  the  telqphotometer  and  fiUrf  the  entrance  pupil 
of  that  instrument  at  all  times.  Lamp  distances  of  11, 20,  and  30  ft 
were  used.  Tests  of  the  tel^hotometer  showed  that  the  data  in 
Fig,  17  are  free  from  stray-light  effects.  Attenuation  length  of  the 
water  was  6.7  ft/ln.  The  data  are  of  11  .August  1961  at  the 
Diamond  Island  Field  Station. 

respectively.  For  these  three  lamps  the  distances  /  are 
1.15,  250,  and  9.20  attenuation  lengths.  The  points 
at  r—/,  beyond  which  Eq.  (7)  applies,  lie  within  th-^ 
diagram  for  both  of  the  two  smaller  lamps  and  are  in¬ 
dicated  by  triangles.  In  all  cases,  diffraction  will  low'er 
the  dashed  curves. 

The  total  irradiance  Hr  on  the  axis  of  a  collimated 
beam  e.xceeds  the  monopath  irradiance  ff,®  by  the 
multipath  contribution  H* ,  i.e.,  Ht~H^-\-H*.  This 
is  illustrated  by  the  e.vperimentAl  data  points  shown  in 
Fig.  18  and  the  solid  curves  which  have  been  fitted  to 
them.  In  the  case  of  the  two  smaller  lamps  the  multi- 
path  contribution  was  not  detected  at  ranges  shorter 
than  r',  indicated  by  the  triangle  points,  but  this  is  not 
irue  in  the  beam  from  the  large-diameter  lamp  where 
Hr*  and  F,®  are  appro.\imately  equal  throughout  much 
of  the  range  of  distances  covered  by  the  data.  The 
steadily  increasing  separation  of  the  solid  and  dashed 
curves  in  each  of  the  lower  pairs  implies  that  multi¬ 
path  irradiance  becomes  dominant  at  large  lamp 
distances. 

Data  such  as  those  in  Fig.  IS  can  be  used  to  caiin- 
late  the  ratio  of  inonopath  to  multipath  irradian»e, 
i.e.,  Fr*/  Hr*.  This  ratio,  independent  of  the  intensity 
of  the  lamp  or  its  radiant  power  output,  is  a  measure 
of  the  beam  content  of  the  light ,  it  is  the  ratio  of  imagl^ 
forming  light  transmitted  by  the  water  path  to  the 
non-imag'sforming  (scattered)  light  arriving  at  the  ir¬ 
radiated  object.  Applications  dependent  on  the  reten 
tion  of  narrow -beam  geometrical  characteristics,  of  co¬ 
herence,  or  of  s'ngle- valued  transmission  time  may  re¬ 
quire  that  some  us,ible  fraction  of  the  irradiance  con¬ 
sist  of  nonscat  tered  (monopath)  light.  Figure  19  is  a 
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FiC.  18.  Irradi'ince  normal  to  the  axis  of  the  beam  of  Ugh  t  having 
a  divergence  of  1/6^  produced  by  a  colSmated  underwater  lamp 
(Fig.  4)  at  distances  up  to  8  attenuadon  lengths  is  shown  b/  the 
data  points  and  the  solid  lines  for  beam  diameters  of  1/300, 
2/300,  and  8/300  of  aa  attenuadon  length.  The  data  are  of  14 
August  1961  at  the  Diamond  Island  Field  Stadon;  attenuadon 
length  1/a =63  ft/ln.  Dashed  lines  rqiresent  the  monopath 
irr^iance  in  each  case  computed  from  Eq.  (7).  Geometrica] 
divergence  reduces  the  axial  monopath  irradiance  at  all  lamp 
distances  beyond  the  points  nuiked  by  triangles,  which  occur  at 
1.15  arid  2^  attenuadon  lengths  for  the  two  smaller  lampis  and 
at  9.20  attenuadon  lengths  (not  shewn)  for  the  largest  lamp. 
Spreading  of  the  beam  by  diffracdon  also  reduces  the  monopath 
irradiance  at  all  lamp  distances,  often  dramadcally.  In  a  plit 
involving  dimenaonless  lamp  distance  (such  as  Hg.  18),  tlte 
dashed  Unes  carmot  be  drawn  to  include  the  potendally  major 
edect  of  diffraction  because  the  wavelength  of  light  is  independent 
of  the  attenuadon  leng^,  but  they  should  be  appropriately 
lowered  when  the  figure  is  interpreted  in  terms  of  actual  dimen¬ 
sions.  The  verdcal  separadon  between  the  dashed  and  the  solid 
curves  in  each  pair  is  a  measure  of  the  multipath  irradiance: 
Caulion.  The  data  in  thb  figure  relate  only  to  the  ads  of  an 
aplanadc  underwater  projecdon  system  having  a  beam  spread 
^“1/6®,  they  should  not  be  scaled  by  the  rado  D,V ,  they*  do  not, 
for  example,  apply  to  the  case  of  ir  =  l/60’  and  lamp  diameters 
I)*®  1/3000,  2/3(XX),  or  8/3000  attenuadon  length. 

plot  of  for  divergent  sources.  It  shows  that 

for  a  beam  spread  of  20",  H*—Hr  at  1.4  attenuation 
lengths  and  that  multipath  irradiance  predominates  at 
large  lamp  distances.  Experiments  now  in  progress  with 
light  beams  <  <  mall  diameter  and  high  collimation  may 
produce  corresponding  curves  for  collimated  lamps. 

Irradiance  near  a  highly  c-iUimaled  beam.  All  of  the 
foregoing  discuss’  a  has  concerned  irradiance  produced 
on  the  axis  of  a  collimated  beam.  Measurements  of  ir 
radiance  outside  the  light  beam  at  various  distances 
from  the  collimated  lamp  are  shown  in  Fig.  20. 


LAMP  DiS'i'ANCE  !A'”’E  %  j  if '  CN 

Fig.  19.  Ratio  of  monopath  inadiance  to  muldpath  iiratfiance 
produced  by  a  uniform  sphetictil  lamp  (lower  curve;  aad  by  the 
sime  source  mounted  within  a  blacken^  enclosure  (box)  which 
limited  its  emittance  to  a  circular  cone  20'  in  total  angular 
diameter  nipper  curve).  In  producing  these  carves,  monopath 
inadiar4ce  /?,•  was  calculated  by  means  of  Eq.  i3)  and  multipath 
irradiance  JI,*  wm  obtained  by  subtracting  Br*  from  the  total 
irradiance  data  given  by  Fig.  16  for  the  unrestricted  ^herical 
lamp  and  from  correqionding  data  for  the  20"  case. 

Refractive  Deterioration  of  High  Collimation. 

No  discussion  of  the  properties  of  highly  collimated 
underwater  light  oi  image-forming  rays  would  be  com¬ 
plete  without  mention  of  certain  commonly  encountered 
refractive  effects  which  limit  the  resolution  of  fine  de¬ 
tail  and  tend  to  destroy  high  collbiatlon.  Natural  waters 
often  contain  refractive  nonhomogeneities  of  two  kinds, 
ri)  small  scale  point  to- point  vaiiations  in  refractive 
index  due,  for  example,  to  temperature  differences;  and 
(2)  transparent  biologictil  organisms  (pbnkton)  which 
may  range  in  size  from  microns  to  centimeters.  The 
effects  of  these  optical  nonhomogeneities  has  been  ob¬ 
served  by  allowing  the  beam  from  the  2-in.-diameter 
0.01"  divergent  lamp  shown  in  Fig.  4  to  fall  on  an  un¬ 
derwater  viewing  screen  after  traversing  any  con¬ 
venient  water  path  jr  by  photographing  the  effect  with 
an  underwater  camera  having  no  lens,,  in  the  manner 
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Fio.  20.  Inadlance  ix.tsdc  a  <■(-  beasi  t.-i  Bcazr. 

fSvergesa:  0jW6*;  beam  <5aaseter;  2  ia.  Filter.  Wmten  y->  61. 
Attectatjoc  fecgth  -LS  ft  la;  Diamond 


suggested  bv  Hg.  21.  If  suJi  a  pbotograpb  is  n^e  in 
prdl*mLted  distilled  srater,  onlj  a  usifonn  wbite  fidd  Is 
recorded,  but  if  the  distilled  water  is  allowed  to  stand, 
a  pattern  of  shadows  appears  as  thermal  structures  de- 
vd>jp.  If  transparent  plankton  are  added,  their  refrac¬ 
tive  shadows  are  superimposed. 

figure  22  is  a  photograph  of  the  pattern  obtained 
when  such  a  picture  was  taken  in  the  dear,  natural 
water  at  the  Diamond  Island  field  Station  in  Lake 
\Vinnipesaukee,  New  Hampshire.  In  this  case  the  light 
beam  passed  through  10  ft  of  lake  water.  Th  ^  drcular 
shadows  were  caused  by  transparent  plarfcton  some¬ 
what  less  than  1  mm  in  size  whose  refractive  inde-v  dif¬ 
fered  only  slightly  from  that  of  water.  No  effects  due  to 
thermal  tubulons  have  been  identified  in  this  picture. 
The  light  beam  was  horizontal  and  30  in.  beneath  the 
surface  of  the  water.  A  shutter  speed  of  1  50  second 
was  used  because  the  pattern  was  in  constant  restless 
motion,  primarily  due  to  slight  wave  action,  but  also 
due  to  pbnkton  movements  and  possibly  to  thermal 
drifts. 

L&ss  of  resolution.  Wavefronts  passing  through 
natural  waters  ai'e  distorted  by  these  refractive  effects. 
The  edges  of  objects  appear  blurred  and  the  apparent 
contrast  of  small  objects  is  reduced.  Thus,  resohing 
power  is  impaired  and  fine  details  are  obliterated.  It  is 
said  that  in  some  clear,  souLH-sea  waters  the  .roncen- 
tration  of  transparent  plankton  is  so  great  that  a  swim¬ 
mer  cannot  distinguish  his  toes  even  though  his  foot 
is  clearly  visible  at  high  contrast.  Conditions  are  much 
less  severe  at  the  Diamond  Island  Field  Station,  where 
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magnification  is  itecessary  to  make  tfce  loss  of  resolu¬ 
tion  obvious. 

An  expcrimeaial  study  of  this  less  ol  resolution  was 
performed  several  years  ago  at  the  Diamond  Is^nd 
Fi^d  Station  and  a  theoretical  treatment  of  the  effect 
was  evolved.^^  At  Diamond  Island  the  loss  ot  resdu- 
tion  was  comparable  to  that  caused  by  the  on-asss  aber¬ 
rations  ol  a  fiat  water-to-air  window  of  1  4-in.-thick 
«.(Hnmereial  plate  glass  when  10  ft  of  water  separated 
the  object  from  the  camera.  The  ar^il^r  magnitude  of 
the  blur  increases  as  the  square  root  of  the  object-to- 
camera  distance,  and  the  aj^jorent  contrast  of  fine  de¬ 
tails  is  decreased  inversdy  as  the  third  power  of  the 
distance  in  macroscopically  uniform  water.® 

DAYUGHT  m  THE  SEA 

Alost  of  the  light  in  the  sea  is  from  the  sim  and  the 
sJnr.  In  sunny  weather  each  square  meter  of  the  water 
surface  may  be  irradiated  Iw-  as  much  as  one  kilowatt 
of  solar  power.  Approiimatdly  95f^  of  this  power  en- 


Fic.  22  Pbotograph  ol  distnbutioa  fTOin  thccollimated 

underwater  lamp  (Fig.  4>  after  traverdng  10  ft  of  water  in  the 
manner  shown  s(hercatlcal(>  in  Iig.  21.  Camera;  Contax  without 
!ens  Exposure  time.  1, '50  sec.  FUm.  Eastman  PIus-X.  Develop¬ 
ment:  normal.  D-76.  Beam  q>read:  0.01%  Beam  diameter:  2  in. 
.•\ttemiatwn  length:  5,6  ft/la;  Diamond  Island;  22  .August  1961. 
Th?  •iiamete;  of  the  oatei  iSIack  circular  border  (cau^  by  the 
opening  in  the  camera  bodr^  measured  1.3  in.  on  the  n^ative. 


S.  Q.  Dantley,  W".  H.  Cciver,  F.  Richey,  and  R.  \V.  Preisen- 
dorfer,  J  Opt.  Soc.  Am.  12,  £!77(.AI  (1952). 

*S-  Q.  Dantley,  W.  H.  Culver.  F-  Rich^-.  and  R.  \V.  Prraseft- 
dorfer,  J.  Opt.  Soc.  ;\ta.  (to  be  published). 
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waltT  and  is  aLswiied  ionxvshtxc  bd^lh  th* 
sa'face  is  tire  piiccipsl  soorce  d  its 

tfc-  sea,  snpj^jTEg  it  irilii  aod  S3p5>c»tln2  its 
esxlogs'  ttrac^  p&oto^-nlhe^  Nearly  hsH  d  the  1: 
tadisticfii  is  iniiared,  roost  of  wtidi  is  absoroetl  whhiii 
a  lEitff  <«  the  sariace.  As  nrcdi  as  <roe-fiftit  <rf  the  day- 
^3t  icay  be  diia'vioJet  ai>d  this  can  pecstrate  some- 
vdia'‘  ssore  deq^y  if  the  coccentiatioa  of  dissolved  or- 
gaia:  deoHqxtation  products  *->-e2]ow  sabstance'^i  is 
low.  Fortanately ,  the  peak  d  the  sdar  spectnsn  is  cot 
far  from  the  wavdength  (4S0  in#i>  of  greatest  tracs- 
parencj'  in  dear  ocean  ■ssater.  Blue-greoi  rep¬ 
resenting  less  than  one-tenth  the  total  incident  solar 
po's^er ,  penetrates  so  deeply  into  the  sea  that  it  has  been 
detect:d  photodectiically  below  600  m.  \ls3>jl:tv.  im- 
pOTtant  to  inhabitants  of  the  nnderwater  world,  is  pos- 
sb!e  dluetly  becanse  of  this  bine-green  li^t. 

Bireclional  Distribution,  of  Da^ight  Underwater 

Sanliyht  entering  at  the  surface  bectKues  progre^ve^' 
more  dhfuse  with  depth  until  a  state  oi  dinoson  is 
readied  trhidi  (1)  Is  diaiacterfrtic  of  the  water  mass, 
12}  is  uxilependent  of  the  solar  altitude  and  the  pre¬ 
vailing  shy  condition,  and  (3;  is  invariant  with  further 
increases  i  n  depth  unles  eptically  different  water  isen- 
countered  This  btluvior  of  daviight  in  water,  a  sub¬ 
ject  of  con  jecture  for  more  than  30  j'ears.  was  probably 
first  definitively  paitulated  by  V^Tatnq'*'^  in  bnlliant 
speculations  basrf  ndther  upon  adequate  radiance  ^s- 
tribution  diia  nor  q.ton  a  valid  tbeoietical  analyds  but 
diiefiy  upon  insigblful  interpretations  of  inadiance 
measuremer  ts.  WTiitoq^’s  hs-pothesis  could  not  be  con- 
finnai  until  1957,  wtien  an  eight-year  experimental 
program,  iniiated  by  the  author  and  conducted  in  its 
later  stages  chiefly  by  several  of  his  coQeagues,  culmin¬ 
ated  in  the  definitive  radiance  distribution  data  of 
TylerA*  Thess  data  were  obtanwid  with  superlative 
equipment  rejiresenting  neariy  a  decade  of  apparatus 
devdopment.  The  experiments  were  conducted  in  a 
mountain  lake  containing  opticaUy  uniform  water  of 
very  great  dep*h.  This  lake  (Pend  Oi^e,  Idaho)  was 
used  only  after  many  futile  attempts  had  been  made  to 
find  suffidently  uniform,  detfp  water  at  sea  and  in  other 
lakes.  Even  at  Pend  Oreille  optical  imiformi^-  occurs 
only  for  a  few  dtj-s  during  the  sp.ring  of  each  year.  The 
Pend  Oreille  da^a  show  an  jumistakable,  .’systematic 
trend  toward  tlie  formation  of  a  claracteristic  tor 
asympiolic)  distribution  of  underwata  daylight  radi¬ 
ance.  A  series  of  figures  de^doped  from  Tyler’s  tabu¬ 
lated  Pend  Oreilh  data**  and  described  in  the  section 
which  follows  summarire  this  experimental  evidence  for 
the  asymptolic  rad,  ance  dislribulic'n  bypo^iesis  and  illus¬ 
trate  the  progressive  transformarioa  of  the  light  field 
from  the  sumQ.'  condition  n^r  the  surfaev  to  the  char¬ 
acteristic  diffuse  distribution  which  prevails  at  great 


depth.  A  tieorttl4.aI  proof  A  the  exi?tc!>.c  of  cJiaiatier- 
L>tk  d'ffuae  E^l  ‘nsju^ltitlc  distribation  i  in 

natural  waters  has  been  |,iven  by  Pxdsendorferi*  and 
conffimalory  aqjerimental  data  in  other  natoiai  waters 
have  been  obtained  by  Jeriov  and  Fokuda**  and 
SasakL** 

Depth  Profiles  of  Underwater  Radiance 

The  most  usable  graphical  rqrreseatation  m  the  dis¬ 
tribution  of  dayl^t  tadiaace  in  the  sea  is  a  family  of 
radiaiare  distriburion  piofiLs  like  those  in  Fig.  23.  Con- 
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Fig.  23.  Depth  proves  of  aDiien^et  apparent  radiance  lot 
xveral  paths  of  sf^t  fLe..  zcrJth  ac^es/  lu  the-plaric  of  (he  sun  un 
a  clear,  cahu,  doadiess,  tanny  da;r  (28  April  I957j  at  Pend  OrdQIc, 
Idaho.  The  aides  denote  data  ly  Tyler  (see  rdererce  23).  The 
solar  zenith  angle  was  33.-I'.  The  j u-bmeigetl  photociccUK.  radiance 
photometer  measured  blue  fight  I  >  means  of  aaRZA  931A  multi- 
pfier  phototube  Oiinpped  mth  a  ’A'rattca  No.  45  filter,  its  field  of 
view  was  drcnlar  and  6.6‘  in  angular  diameter.  The  water  was 
ceaiiy  uniform  in  Its  optical  prc^rtles,  Le.,  the  attenuation  length 
•as  measured  by  means  of  a  fight  beam  tiansmi^onietei  having  a 
tungsten  source,  an  RC\  *»3LA.  piototubc,  and  a  Wratten  No,  45 
filter/  was  2.52  m  Is  just  beceadi  the  surface  aiai  increased  very 
sfi^tly  at  a  stcad>  rate  to  2.62  m,1n  at  ad^th  of  61  m,  that  is  to 
say,  the  change  in  attenuation  length  with  depth  was  barely 
detectable.  .Additional  families  of  radiance  profiles  is  vertical 
planes  at  other  arimuths  can  Lc  ,oristnicted  wxm  Tyler  a  tables, 
which  also  provide  correqwnding  data  foi  overcast  conditions.  All 
such  sets  of  profiles  are  rema^ably  simflar  at  great  depth.  Parallel 
profiles  signifr  that  the  radiance  distrifautioa  has  its  asymptotic 
fonn. 


aL.  V,  WTutney,  J.  Harine  Research  4, 122  (19?\1). 

“L.  V.  Whitney,  J.  Ctot.  Soc.  Am.  31,  V14  (mV. 

“  J.  ^  Tyler,  Siiipps  Inst.  Ocemog.  7, 363  (1960i. 


**  R.  W'.  Preisendorfer,  J.  ifarise  Research  18, 1  (1959). 

a  N.  G.  Jerfov  and  M,  Fufcuda,  Telius  12, 34S 

’*  T.  Sas^,  BulL  Japan.  Soc.  Jkx  F isheries  28, 489  ( 1962). 
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F:‘X  24.  TLe  scSd  ccives  are  radiarce  atleniaikia  fusctiocs 
lie.,  dopes'  «  ^L^Scp^h  profiles e:  aj^jarect  xadrancein  Fig.  23, 
iTie  drded  ptrats  are  iroa  Tjier’s  axteatatka  fmsctkn  tab^s 
isee  mereoctf  23’.  Tbe  dasLed  curve  is  the  atleeuaticKJ  fcnctioQ 
for  scalar  inadance;  Le.,  the  dope  of  the  depth  profile  of  scalar 
inadiarKe,  a  la&xaotnc  qtastitf  proportioBal  to  the  le^Micse 
a^heiicaldi&sseci’^kctorsachastl^at  tbe  top  the  i&stru- 
mcBt  pktured  in  FI;:.  23.  The  Uassfonsatkci  of  ue  ll^t  lidd  to 
its  asynptotic  font  is  iHintrated  by  the  convergence  of  the 
rai^aiice  attcesafioa  fimetioGS  to  a  coennoe,  ste^y  value  at 
seSdest  depth.  > 

ceptually,  each  curve  represents  the  results  of  lowering 
verticallj'  into  the  sea  a  radiance  photometer  having 
a  feed  zenith  angle  and  azimuth.  The  unique  utility 
of  such  pronTes  arises  from  the  fact  that  the  contrast 
transmittance  of  any  path  of  sight  in  the  day-lighted 
sea  is  ^ven  by  the  ratio  of  the  apparent  background 
radiaiices  at  the  terminals  of  the  path  mulriplied  by  the 
beam  transmittance  of  the  path  [see  Eq.  fSiJ.  This 
important  general  theorem  is  rigorously  true  dtspite  any 
degree  of  stratification  or  nonhomogendty  possessed 
by  the  water  and  despite  any  amount  of  nonunifonnitj’ 
in  the  lighting  throughout  the  path  of  sight.  Radiance 
distribution  profiles  like  tliose  in  fig.  23  enable  the 
apparent  baciground-radiance  ratio  to  be  read  for  any 
pair  of  terminal  points  regardless  of  the  shape  of  the 
profile. 

In  Fig.  23  each  curve  is  nearly,  but  not  quite,  straight 
and  neariy,  but  not  quite,  parallti  with  its  fellows. 
WTien,  at  sufficient  depth,  ail  of  the  profiles  are  parallel, 
the  a^-mptotic  radiance  distribution  prevails. 

Radiance  Attenuation  Functions 

The  inverse  slope  of  the  semOogarithmic  underwater 
radiance  distribution  profiles  in  Fig.  23  is  called  the 
radiance  altenuat.m  function.  It  is  sjTnbolized  by 
Vi.  ere  s  refers  to  depth,  6  specifies  the  zenith 
angle  of  the  radiance  photometer,  and  ^  denotes  its 
azimuth.  Figure  24,  developed  from  similar  ones  by 
Preisendorfer,®^ Is  a  plot  of  the  radiance  attenuation 
functions  (slopes)  of  the  radiance  profiles  shown  in  Fig. 
23.  The  carves  in  Fig.  24  have  been  extrapolated  beyond 
the  greatest  depth  explored  by  Tyler’s  measurements  in 
order  to  illustrate  the  asymptotic  radiance  distribution 

*^R.  W.  Preisen-iArfer,  Scririrrs  Irst.  OceanAsr  Ref.  5S-59, 
fI95Si. 

^’R.  W.  Prdisen4<>rfer,  Scrifjris  Irist.  Ocear.og.  Ref.  5S-60, 
(1958). 
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conccf*t  more  comf-lctcly.  Differential  equations  for  tcc 
radiance  attenuation  functions  have  been  evolval  by 
Preisendorfer.® 

Attenuation  Function  for  Scalar  Irradiance 

The  riapt  of  a  vertical  profile  of  scalar  irradiance  k^z<, 
a  radiometric  quantity  measurable  by  means  of  a  spheri¬ 
cal  diffuse  collector,  is  called  the  attenuation  fuiuiim  for 
scalar  irradiance  at  depth  a  and  is  denoted  by  i&(s».  This 
function  is  shown  by  the  dashed  curve  in  Rg,  24.  The 
linfiting  value  * )  of  ^is)  is  a  convenient  experimen¬ 
tal  parameter  for  describing  tbe  optical  properties  of 
the  sea  because  f  1 » approaches  its  a^Tuplotic  value 
at  less  depth  than  do  the  radiance  attenuation  functions, 
and  f  2  f  it  is  easier  to  measure-  Rgure  25  shows  a  water- 
darity  meter  proposed  by  the  author  and  constructed 


Fi''.  25.  Water-clarity  ireter  for  measuring  depth  profiles  of 
scalar  irradiance  ki:}  and  attenuation  coeSdeatatz)  at  sea.  The 
hoKow,  translucent,  wtile  sphere  at  the  of  the  instrument  is 
the  collector  for  tbe  measurOTcnt  of  scalar  irradiance.  -Attenuation 
is  measured  by  means  of  a  highly  coUimated  beam  of  E^t,  pro¬ 
duced  by  a  projector  in  the  lower  compartment,  which  travels 
upward  to  a  photoelectric  telephotomcter  in  the  typer  chamber. 
Baffles  are  used  to  minimize  the  effect  of  dayEght  m  near  surface 
measurements.  The  use  of  multipEer  phototubes  enables  this 
equipment  to  produce  profiles  of  scafe  irradiance  at  depths 
greater  than  10  attenuation  leng^  pressure  transducer  is 
rncoyorated  in  the  instnimcnl  to  indicate  its  depth.  Due  to  the 
spherical  nature  of  the  irradiance  sensor,  the  orientation  of  the 
instrument  is  not  important;  it  can,  if  desired,  be  oriented  hori¬ 
zontally  (sec  reference  29). 
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ZENITH  ANGLE  (DEGREES) 

Fic.  26.  Undcrsrater  laidiance  distributions  in  the  plane  of  the 
sun  <»  a  dear,  sunny  day  at  dqiths  of  424, 16J>,  29.0, 41.3, 53.7, 
and  <56.1  m,  reflectively.  The  dudes  denote  data  by  Tyler  (see 
reference  23)  at  Pend  Oreflle,  Ids^o,  28  .April  1957.  The  solar 
zenith  angle  was  33.4®  For  ^ditionid  esqieriniental  details  sec 
Fig.  23.  .At  the  shallowest  dqpth  measured  (424  m/,  the  peak  cl 
the  radiance  distribution  is  at  a  sli^tly  greater  zenith  angle  than 
refracted  rays  from  the  sun  (24.4®);  see  Fig.  29.  .At  progre^s-cly 
greater  depths  the  distribution  bewmes  less  sh^Iy  px^ed  and 
the  maximtrm  movp  toward  zero  zenith  an^e.  The  r^iance  dis^ 
tributicm  is  nearly  in  its  afrmptotic  form  at  66.1  m,  the  greatest 
depth  at  which  data  were  taken.  Girrefionding  trends  appear  in 
rimilar  plots  of  data  obtained  by  Sasaki  in.  ocean  water  near  Japan 
(see  reference  26)  and  in  Gulhnar  fj<?»  1  by  Jerlov  and  Fukuda 
(see  reference  25). 

by  his  colleagues,®  which  measures  simultaneous  verti¬ 
cal  profiles  of  scalar  inadiance  /{(z)  and  attenuation 
coefficient  a(z)  in  routine  oceanographic  surv^s. 

Shapes  of  the  Underwater  Radiance  Distribution 

The  shapes  of  a  typical  family  of  underwater  radiance 
distributions  in  the  plane  of  the  sun  at  progressively 
greater  depths  are  shown  by  Fig.  26,  which  includes  the 
same  data  plotted  in  Pig.  23.  At  shallow  depths  the  dis- 
tril)ution  is  sharply  peaked,  appro.ximately  in  the  direc¬ 
tion  of  the  refracted  rays  from  the  sun.  At  increasingly 
greater  depths  the  distribution  becomes  less  sharply 
peaked  and  the  ma-ximum  moves  progressively  toward 
the  zenith.  The  change  in  cur\'e  shape  is  better  illus¬ 
trated  by  Fig.  27,  wherein  the  upper  four  curves  of  Fig. 

26  have  been  superimposed  at  their  resp<xtive  maxima. 

The  lower  two  curves  in  Fig.  26  do  not  appear  in  Fig. 

27  because  their  shape  do<s  not  differ  from  that  of  the 
4I.3-m  curve  within  the  precision  of  the  data.  It  may 
be  noted,  thcrcfoit,  that  the  form  of  the  radiance  dis- 

**  R.  W.  .Austin,  Scripps  Imt.  Occanog.  Ref.  59-9,  (1959). 


tribution  changes  throughout  only  the  first  41  m  of 
depth  (about  16  attenuation  lengths  or  opiical  depths). 
.\t  that  depth,  however,  the  shift  of  the  maximum 
toward  the  zenith  is  incomplete  and  continues  to  change 
rapidly  as  depth  is  progressively  increased.  Figure  28 
shows  how  the  ma.ximum  of  the  underwater  daylight 
distribution  shifts  toward  the  zenith  Tsith  increasing 
depth ;  it  suggests,  by  extrapolation,  that  a  depth  of  20 
attenuation  lengths  ( i‘JO  m)  or  more  is  required  in  order 
for  the  true  a^Tnptotic  radiance  distribution  to  be 
reached. 

Irradiance  Profiles 

Wffien  the  underwater  radiance  distribution  has  its 
asymptotic  form,  the  irradiance  incident  on  a  plane 
oriented  in  any  direction  will  decrease  exponentially 
with  depth  at  the  same  rate  as  will  the  irradiance  on 
planes  oriented  in  an}-  other  directions.  A  famfly  of 
semilcgarithmic  profiles  of  the  irradiance  on  planes  ori¬ 
ented  in  various  directions  is  merely  a  group  of  parallel 
straight  lines  having  a  slope  corresponding  to  the 
limiting  x-alue  of  the  attenuation  function  for  scalar  ir¬ 
radiance.  In  most  ocean  water  the  irradiance  Ufz,— ) 
on  the  upper  surface  of  a  horizontal  plane  at  any  depth 
s  is  appro.ximately  50  times  as  great  as  the  irradiance 
)  on  the  lower  surface  of  the  same  plane,  the  ir¬ 
radiance  on  planes  oriented  In  all  other  directions  at 
this  depth  lies  between  E{z,—)  and  H(z,-\-). 

-\t  lesser  depths,  where  the  underwater  radiance  dis¬ 
tribution  departs  from  its  asymptotic  form,  the  semi- 
logarithmic  irradiance  profiles  differ  somewhat  from 
parallelism  and  straightness.  Such  perturbatluns  are, 
however,  comparatively  minor  and  for  many  purposes 
thej'  are  negligible.  For  e,\ample,  some  of  the  attenua 
tion  functions  at  a  depth  of  2.5  ft  on  an  overcast  day 


FiO.  27.  In  this  figure  the  underwater  radiance  dbtributiun 
curves  for  depths  424, 16.6,  29.0,  and  412  m  from  Fig.  26  have 
been  superimposed  at  thdr  reflective  maxima  in  order  to  compare 
their  sliapcs.  The  radiance  curves  for  dqiths  53.7  and  66.1  m  are 
not  shown  sinc^  within  the  limits  of  experimental  error,  their 
shapes  are  identical  with  the  curve  for  412  m  dt.  h.  Thus,  the 
shape  of  the  underwater  radiance  distrinution  has  nearly  completed 
its  transformation  to  the  asymptotic  form  at  412  m'd^th.  The 
maximum  of  the  curve  has  not,  nowever,  reached  zero  zenith  angle 
at  (his  dfith  and  is,  in  fact,  changing  at  maximum  rate,  see  Fig.  28. 
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Fig.  2S.  Illustrating  how  the  peaks  of  the  underwater  dayli^t 
radiance  distributions  shewn  in  Fig.  26  shift  toward  zero  zen'th 
angle  with  increa^g  depth.  .\t  shallow  depths  in  these  data  the 
pe^  occurs  at  a  greater  zenith  angle  than  the  direction  (unjer- 
watcr)  of  ia>-s  from  the  sun.  The  extrapolated  (dashed)  portion  of 
the  cur\’e  suggests  that  a  d^th  of  more  than  100  m  is  required  to 
bring  the  peak  to  zero  zenith  angle;  i.e.,  to  complete  the  trans¬ 
formation  of  the  light  field  to  its  a^mptodc  form. 

(28  August  1959)  at  Diamond  Island  were  iiC(2.5,— )= 
0.067  In/ft,  ifc(2.5)=0.063  In  ft,  ^(2.5,-f)= 0.051  In  ft, 
and  a(2^)=0.18  In/ft. 

Contrast  Transmittance 

Inlroduclion.  Underwater  sighting  ranges  are  always 
short  compared  with  sighting  ranges  in  clear  air.  Nearl}' 
all  objects,  therefore,  subtend  so  large  a  visual  angle 
when  seen  undenvater  that  the  exact  size  of  the  object 
is  of  almost  no  consequence.  E.\cept  for  very  tiny  ob¬ 
jects  or  the  fine  details  of  larger  ones,  underwater  sight¬ 
ing  ranges  depend  almost  entirely  upon  the  contrast 
transmittance  of  the  path  of  sight  when  ample  daylight 
prevails.  Along  horizontal  paths  of  sight  dark  objects 
(such  as  black-suited  swimmers)  approach  detection 
threshold  near  the  distance  4  a(s)  when  viewed  against 
a  water  background,  although  bright  objects  (including 
light  sources)  can  be  seen  further.®  For  objects  of  suf¬ 
ficient  angular  size,  horizontal  daylight  sighting  ranges 
underwater  are  remarkably  similar  to  horizontal  day¬ 
light  sighting  ranges  in  the  atmosphere  if  both  are  e.x- 
pre^ed  in  attenuation  lengths.  This  quantitative  simi¬ 
larity  does  not  hold,  however,  when  the  path  of  sight  is 
inclined  either  upward  or  dowaiward  because  water, 
unlike  air,  absorbs  light  so  strongly  that  all  aspects  of 

*■  Along  any  undenvater  path  of  sight  a  remarkable  proportion 
of  the  objects  ordinarily  encountered  can  be  seen  at  limiting  ranges 
between  4  and  5  times  the  distance  l/[o{s)— cos®],  re¬ 
gardless  of  their  size  or  the  background  against  which  they  appear, 
provided  ample  daylight  prevails  fsee  Eqs,  (14)  and  (15)]. 


daylight  in  the  sea  diminish  rapidly  with  depth.  Con¬ 
trast  reduction  along  inclined  paths  of  sight  through 
oprically  uniform  water  are  treated  after  certain  general 
principles  have  been  discussed. 

General  case.  completely  general  phenomenological 
treatment  of  the  reduction  of  apparent  contrast  by  any 
scattering  and  absorbing  medium  has  been  given  by 
the  author  and  two  of  his  colleagues  in  an  earlier  paper® 
concerned  with  the  atmosphere;  Eq.  (1)  through  (10) 
of  that  paper  and  the  discussions  which  accompany 
them  apply  also  to  the  reduction  of  contrast  along  all 
under\vater  paths  of  sight,  and  the  notation  employed 
in  reference  31  has  been  used  throughout  the  present 
paper,  except  that  z  is  used  to  denote  depth  rather  than 
altitude)  and  is  positive  from  the  sea  surface  downward. 
.Although,  in  the  interest  of  bre\ity,  only  one  fEq.  (7)3 
of  those  equations  is  discussed  here,  they  constitute  the 
foimdation  for  all  of  the  relations  which  follow  in  this 
paper. 

Equation  »7)  in  reference  31  states  that  the  ratio  of 
the  apparent  contrast  Cr(z,0,<f>)  of  an  object  at  distance 
r  from  an  obser\*er  at  depth  z  along  a  path  of  sight  hav¬ 
ing  zenith  angle  6  and  azimuth  ^  to  the  inherent  con¬ 
trast  Cu(3»v9,^)  of  a  target  at  depth  Zt  is 

Ci,{zt,04>)= 

T,{z,B,4>)i^ iiizt,0,4>)  'tXrizj9,4>),  (8) 

where  T  r(s,fl,^)  is  the  beam  transmittance  of  the  path 
of  sight  for  image-forming  light  and  iXo(ztA4>)’ 

AzJSfdf)  is  the  ratio  of  the  apparent  radiances  of  the 
background  at  the  ierminals  of  the  path  of  sight.  This 
equation  is  rigorously  true  despite  any  amount  of  non- 
uniformity  in  the  water  or  in  its  lighting.  Profiles  of 
underwater  radiarsce,  such  as  those  in  Fig.  23,  provide 
the  two  background  radiance  values  required  by  Eq.  (8) 
■^nd  the  beam  transmittance  can  be  found  from  a  pro¬ 
file  of  attenuation  length  by  means  of  Eq.  (16)  in  ref¬ 
erence  31.  It  should  be  noted  that  the  beam  transmit¬ 
tance  TA^fiA>)  must  include  the  factor  C»fz)/n(zt)3* 
required  by  geometrical  optics  when  the  refractive  in¬ 
dex  h(s)  of  the  medium  at  the  observer  differs  from  that 
at  the  target  nizt),  as  in  the  case  of  underwater  obser¬ 
vation  through  a  flat  face  plate  or  a  plane  window. 

Vnijorm  water.  If  the  underwater  path  of  sight  lies 
entirely  within  a  single  optically  uniform  stratum  and  if 
the  profile  of  monochromatic  apparent  radiance  (see 
Fig.  23)  can  be  approximated  by  a  straight  line  and  rep¬ 
resented  by  the  differential  equation 

dXlz,e,<l>),  dr=  cosd.V(s,0,«^),  (9) 

where  rcosfi=S|—s,  Eq.  (10)  of  reference  31  can  be  re¬ 
placed  by  differential  equations  of  transfer  for  sjMjclral 
field  radiance 

dX  izfiA>)ldr=  X*  —a  (z)X  (z,0,<f>),  ( 1 0) 


**  S.  Q.  Dunllcy,  A.  R.  Boilcau,  and  R.  W.  Preisendorfer.  J.  Opt. 
Soc.  Am.  47, 499  (1957). 
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and  for  apparent  spectral  target  radiance 

dtX(zjS,<l>)  dr=.\JzM)-a(zhX{z,d,<>h  dD 

Equations  (9),  (10),  and  (11)  can  be  combined  and 
integrated  throughout  the  path  of  sight  to  produce  the 
important  relation 

tXr(z^,(f>)=  expn-a(s)r3 

+-Y (z,fi,<j,)  exp[_-hK(zfi,4>)r  cosflj 
X  { 1 — exp{[— a  (s)r+ A'  (z,d,<^>)r  cosSj) ,  (12) 

where  ,.Vr(s,0,^)  is  the  apparent  spectral  radiance  of 
the  target  and  lYo(sjA^)  is  its  inherent  spectral  ra¬ 
diance.  In  Eq.  (12)  the  first  term  on  the  right  represents 


APPARENT  radiance  (WAITS/a.  SO  METER,  mfil 


yig.  29.  Illustrating  the  effect  of  (vertical)  object-to-camera 
distance  on  the  apparent  radiance  (lower  figure)  and  the  photo¬ 
graphic  contrast  (upper  figure)  of  an  object  having  both  white  and 
black  areas  submerged  33  m  beneath  the  surface  of  deep,  optically 
uniform  water  characterized  by  an  attenuation  length  (1/a)  of 
3.2  m/ln,  (o/A)=2.7,  II{z,+)/Il(z,  — )=0.02,  and  asymptotic 
radiance  distribution.  The  prevailing  spectral  irradiance  on  the 
surface  of  the  water  is  assumed  to  be  1  W/m’,  m/t. 

As  a  downward-looking  camera  is  lower^  from  the  sea  surface, 
the  apparent  radiance  presented  b>  the  water  decreases  at  the 
rate  of  A“0.116  In/m,  as  shown  by  the  diagonal  dashed  line  in 
the  lower  figure.  At  19  m  depth  (i.e.,  an  object-to<amera  distance 
of  16  m  or  5  attenuation  lengths)  the  apparent  radiances  of  the 
object  differ  but  little  from  that  of  the  surround.  When  the  camera 
is  9.6  m  (i.e.,  3  attenuation  lengths)  above  the  target,  the  white 
area  presents  an  apparent  radiance  significantly  greater  than  the 
surround  (diagonal  dashed  line)  but  the  black  area  appears  onlj 
sh'ghtly  darker  than  the  water  background.  Near  this  camera 
portion  the  two  terms  in  the  right-hand  member  of  Eq.  (12)  are 
equal,  so  that  dA'(:,w,0)/</r=*0;  at  greater  camera  depths  the 
second  term  predominates.  WTien  the  camera  is  3.2  m  or  1  attenua¬ 
tion  length  above  the  object,  both  the  black  and  the  white  areas 
of  the  target  differ  markedly  in  apparent  radiance  from  the  sur¬ 
round  (diagonal  dash^  line).  The  upper  figure  illustrates,  by 
means  of  the  charactemlic  curve  of  a  negative  material,  the  range 
of  photographic  denaties  corresponding  with  object-to-camera 
distances  of  3.2  m  (dashed  lines)  and  9.6  m  (dotted  lines). 


rc>idual  image-fonning  light  from  the  target  and  the 
second  term  represents  radiance  due  to  scattering  of 
light  in  the  sea  throughout  the  path  of  sight,  i.e.,  the 
path  radiance  X*(zfi4t).  A  graphical  illustration  of 
Eq.  (12)  is  provided  by  Fig.  29,  which  shows  how  black 
objects  and  white  objects  submerged  in  deep  water  ap¬ 
pear  to  emerge  gradually  from  the  background  as  they 
are  approached  from  above  by  a  descending,  dowiuvard- 
looking  underwater  observer  or  camera. 

In  Eq.  (12),  a(z)  and  K{z^4>)  are  considered  to  be 
constants  throughout  the  path  of  sight.  In  uniform 
water  this  is  true  of  a{z)  but  not  of  K(z,$,4>)  unless  the 
radiance  distribution  Is  asymptotic.  Figure  24  illustrates 
how  K{zj9,(p)  changes  with  z  and  6  in  the  plane  of  the 
sun;  corresponding  figures  can  be  constructed  from 
Tyler’s  tables^  to  illustrate  changes  with  p.  Such  data 
should  be  used  to  ascertain  the  variation  of  K(zjd,4t)  on 
the  particular  segment  of  the  path  of  sight  to  be  used; 
the  degree  of  appro.vimation  represented  by  Eq.  (12) 
[]and  by  Eqs.  (14),  (15),  and  (16)3  l^tn  be  esti¬ 
mated.  Because  under\vaier  sighting  ranges  rarely  e.v- 
ceed  2/K,  the  effect  of  K  variation  is  seldom  appreciable, 
e.vcept  near  the  surface  of  the  sea.  General  equations, 
remarkably  similar  in  form  to  Eqs.  (12),  (14),  (15), 
and  (16),  have  been  written  by  Preisendorfer  (private 
communication);  these  involve,  for  e.xample, 

e.vp|-|^  Ca(c)-cos0A(z,O,^)3<fr'| 
instead  of 

e.xp[— a  (z)r-|-cOh.^A  ; 

they  are  also  applicable  to  nonuiiiform  water  and  even 
to  multi-media  paths  of  sight. 

Equation  (12)  also  specifies  the  apparent  radiance  of 
any  background  against  which  a  target  may  be  seen; 
when  used  for  this  purpose  the  prc-subscript  I  (for  target) 
should  be  changed  to  6(for  background).  Subtraction 
of  the  background  form  of  Eq.  (12)  from  Eq.  (12)  it¬ 
self  yields  the  relation 

,(z,0,<^)  t,.\  i(z,0,<f>) 

=  [_iXo(zi,0,<f>)—bX(,(zt,e,<p)2  e.\'p[— a(z)r].  (13) 

Equation  (13)  implies  that  along  any  underwater  path 
of  sight,  radiance  differences  are  transmitted  with  ex¬ 
ponential  attenuation  at  the  same  space  rate  as  image¬ 
forming  rays. 

The  two  forms,  of  Eq.  (12)  can  be  combined  with  the 
defining  relations  for  inherent  spectral  contrast, 
Co{zt,d,<j>),  and  apparent  spectral  contrast  Cr{z,0,<f>), 
which  are,  respectively', 

C(i(z/,(1,^)  =  L^^  oiZhO,(p)  6.)  I)(2<,0,<j>)3/  6-^  v{zt,d,<f>), 

and 

C,(z,0,<f)  =  l^tXr(z,0,<f>)  —  hXr(z,Q,4i)y  fA\(z,0,<p). 
When  this  is  done,  the  ratio  of  inherent  spectral  con- 
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Irast  to  the  apjarcnt  spectral  contrast  is  found  to  be 
=  1— 

X{l-exp[a(s)r-ii:(s/,^)rcos03}.  (14) 

If  bNoizij9,i}>)=y(ztj9,4>),  as  in  the  special  Gise  of  an 
object  suspended  in  deep  water,  Eq.  (14)  reduces  to 

Xexpj^— a(2)r+/c(s,0,^)r  COS0].  (15) 

WTienever  the  underwater  daylight  radiance  distri¬ 
bution  has,  effectively,  its  asymptotic  form,  the  radi¬ 
ance  attenuation  function  is  a  constant,  in¬ 

dependent  of  z,  fl,  and  4>.  liquation  (15)  may  then  be 
written 

C,(2,0,^&)/Co(z,,S,<^)=(i\'p[-a-Mii:  co50)]r.  (161 

The  right-hand  member  of  Eq.  (16),  sometimes  called 
the  contrast  reduction  factor,  is  independent  of  4>,  the 
azimuth  of  the  path  of  sight.  This  and  other  implica¬ 
tions  of  Eq.  (16)  were  discovered  by  the  author  in  the 


course  of  early  e.v|)criments  as  illustrated,  in  part,  bj’ 
Figs.  30  and  31. 

Horizontal  paths  of  sight.  Along  horizontal  paths  of 
sight  CGS  P=0  in  Eqs.  (9),  (12),  (14),  (15),  and  (16), 
which  show  that  b<3th  the  apparent  radiance  and  the 
apparent  contrast  of  objects  seen  horizontally  under¬ 
water  change  with  distance  in  a  manner  dependent  on 
a  but  not  on  K.  WTren  cos  0=  0,  Eq.  (10)  indicates  that 
some  unique  equilibrium  radiance  .V,(s,t/2,^)  must 
e.vist  at  each  point  such  that  the  loss  of  radiance  within 
the  horizontal  path  segment  is  balanced  by  the  gain, 
i.e., 

<fA*,(s,|T,<6)/<fr=0=-V*(s,5-r,i^)— a(z).V,(s,§x,<^).  (17) 

Even  in  nonuniform  water  there  is  an  equilibrium  radi¬ 
ance  for  each  element  of  horizontal  path  although  this 
may  differ  from  point  to  point.  Inclined  paths  of  sight 
do  not  have  a  true  equilibrium  radiance,  as  will  be  clear 
from  Eq.  (9),  but  they  possess  an  e.\ponential  counter¬ 
part  which  is  illustrated  by  the  diagonal  dashed  line 
in  Fig.  29. 

A  method^  for  measuring  the  attenuation  coefficient 


Fig.  30.  Interrelated  experiments  from  the  September  1948  series  at  the  Diamond  Island  Field  Station: 
(Left)  Semilogarithmic  depth  profile  of  scalar  irradiance  obtained  by  lowering  a  6-in.-diameter,  air-filled, 
holioiv,  translucent,  opal  glass  sphere  having  a  photovoltaic  cell  sealed  in  an  opening  at  its  bottom.  The 
straightness  of  the  curve  indicates  optical  homogeneity  of  the  water  and  a  depth  invariant  attenuation 
coefficient  i(s) =0.066  In/ft.  (Center)  Semilogarithmic  plot  of  thcabsolutc  apparent  contrast  of  a  horizontal, 
flat,  white  target  lowered  vertically  beneath  a  telephotometer  mounted  in  a  small,  hooded,  glass-bottomed 
boat;  calm  water,  clear  sky,  low  sun.  The  long,  straight  portion  of  the  curve  illustrates  Eq.  (15)  and  its  slope 
indicates  that  a(z)-fIv(z,T,0)  =0.247  In/ft.  Because  the  sun  was  low  the  radiance  distribution  was  approxi¬ 
mately  asymptotic,  so  that  ic  (z,t,0)  « *(2)  =0.066  In/ft  and,  by  subtraction  0(2) =0.181  In/ft  or  theattenua- 
tion  length  I/a=5.5  ft/In.  (Right)  Ttvo  semilogarithmic  plots  of  apparent  contrast  vs  target  distance  along 
60®-downward-sloping  paths  of  sight  for  black  targets  (lower  portion)  and  white  targets  (upper  portion) 
have  been  combined  to  demonstrate  (1)  that  the  apparent  contrast  is  exponentially  attenuated  with  target 
distance  at  the  same  space  rate  for  both  light  targets  and  dark  targets,  (2)  that  this  space  rate  is  independent 
of  azimuth,  and  (3)  tnat  Eq.  (16)  is  valid.  All  four  paths  of  sight  have  the  same  zenith  angle,  0=  150°,  but 
the  azimuth  angles  relative  to  the  plane  of  the  sun  are  ^=0  (circled  points)  and  <^=45°  (crosses),  ^=95° 
(diamonds)  and  ^=  135°  (squares).  The  dashed  straight  lines  are  constructed  parallel  and,  in  accordance 
with  Eq.  (16),  they  have  a  slope  0.181-F0.066cosl50°=0.214  In/ft.  These  lines  were  passed  through  the 
uppermost  datum  point  of  each  series  without  regard  to  the  lower  points;  the  lines  are  provided  solely  to 
facilitate  judgment  of  the  slope  and  linearity  of  the  data.  Photographic  underwater  telephotometry;  green 
_  light,  calm  water,  clear  sky,  low  sun. 

“  S.  Q.  Duntley,  J.  Opt.  Soc.  Am.  37,  994(A)  (1947)  and  U.  S.  Patent  No.  2,661,650. 
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Fig.  31.  Comparison  of  ^parent  absolute  contrast  with  ap¬ 
parent  edge  contrast  of  white  targets  for  two  horizontal  under¬ 
water  paths  of  sight  having  azimuths  relative  to  the  direction  of 
the  sun  of  95"  (crosses)  and  135®  (cirdes),  respectively  Th«  three 
lines  are  parallel  and  corre^nd  to  an  attenuation  length 
l/a=>5.C5  ft/ln.  The  data  are  of  24  Sqrtunber  1948  at  Diamond 
Island.  Photographic  tdephotometry;  green  filter. 

a(s)  is  suggested  by  Eq.  (17)  and  the  fact  that  in  op¬ 
tically  uniform  water  4.Y(2,§ar,^)-=iY(s.^x,^);  thus 

(18) 

In  Eq.  (18),  N^(z,^,<f>)  can  be  approximated  by  the 
apparent  radiance  of  a  very  black  object,  such  as  an 
opening  in  a  small  black  box,  located  at  a  unit  distance 
which  is  small  compared  with  the  attenuation  length, 
and  iY(z,^,9)  is  the  apparent  radiance  of  the  unre¬ 
stricted  water  background.  This  technique  is  especially 
convenient  for  documenting  conditions  in  underwater 
photography  by  daylight.  The  value  of  a(s)  so  obtained 
agrees  precisely  with  data  obtained  by  (1)  properly  de¬ 
signed  light  beam  transmissometers,  (2)  measurements 
of  the  apparent  contrast  of  undenvater  objects  observed 
along  horizontal  paths  of  sight,  and  (3)  undenvater 
tdephotometry  of  the  apparent  radiance  of  the  surface 
of  a  distant  submerged  frosted  incandescent  lamp  or 
other  diffusely  emitting  source. 

Field  experiments.  Experimental  explorations  of  the 
distribution  of  daylight  in  the  sea  and  undenvater  image 
transnussion  phenomcria  were  begun  by  the  author  in 
1948  and  are  st/iil  in  progress.  Most  of  the  physical  prin- 


dplcs  discussed  in  this  paijer  were  discovered  or  genera- 
li^  early  in  the  course  of  these  e.xperiments.  The  data 
guided  a  collaborative  devdopment  of  the  foregoing 
equations  by  Dr.  Rudolph  W.  Preisendorfer  and  the 
author.®^* 

Experiments  were  conducted  concurrently  in  lakes 
and  at  sea  almost  from  the  beginning  because  optical 
prindples  can  be  explored  better  and  more  inexpensively 
in  lakes  whereas  the  magnitude  of  the  optical  constants 
of  ocean  waters  can  be  measured  only  at  sea.  Most  of 
the  data  used  in  this  paper  to  illustrate  prindples  were 
obtained  at  a  field  station  establishtd  by  the  author  in 
1948  at  Diamond  Island  in  Lake  Wnnipesaukee,  New 
Hampshire.  Examples  of  data  from  the  field  station  are 
provided  in  Fig.  30.  These  data,  taken  from  the  1948 
series,  illustrate  several  important  prindples  which  are 
implied  and  summarized  by  Eq.  (16).  Figure  30  shows 
that  the  attenuation  coefindents  k(z)  and  a(z)  obtained 
by  means  of  a  depth  profile  of  scalar  irradiance  and 
measurements  of  the  apparent  radiance  of  a  white  ob¬ 
ject  lowered  vertically  (in  the  mamier  of  a  Secchi  disk) 
can  be  used  wth  Eq.  (16)  to  predict  the  apparent  con¬ 
trast  of  any  object,  black  or  white,  along  various  un¬ 
derwater  paths  of  sight.  Measurements  of  apparent  con¬ 
trast  with  highly  refined  photoelectric  equipment  have 
been  made  along  many  paths  of  sight  and  under  many 
kinds  of  lighting  conditions  in  the  course  of  the  field 
station  e.xperiments;  all  of  these  e.xperimants  support 
the  validity  of  Eqs.  (15)  and  (16). 

The  water-darity  meter  pictured  in  Fig.  25  produces 
a  profile  of  scalar  irradiance  similar  to  that  shown  in 
Fig.  30  and,  therefore,  a  measure  of  kiz),  it  also  meas¬ 
ures  the  attenuation  coeffieientafs),  providing,  thereby, 
the  necessary  input  information  for  using  Eq  (16)  to 
calculate  contrast  reduction,  since  K=k(z). 

Telephotoraetry  of  either  black  or  white  targets  along 
any  two  paths  of  sight  having  different  inclinations 
(i.e.,  zenith  angle  6)  yields  two  values  of  the  contrast 
attenuation  coefficient  (a—K  cosO)  from  which  a  and 
K  can  be  found.  The  use  of  a  horizontal  path  for  de¬ 
termining  a,  and  a  downward  vertical  path  for  deter¬ 
mining  a-f-K,  is  often  a  convenient  choice. 

Absolute  contrast.  The  water  immediately  surround¬ 
ing  a  submerged  white  object  sometimes  appears  to 
glow.  This  effect  is  caused  by  the  intense  small-angle 
forward  scattering  of  light  which  is  reflected  by  the 
target  in  directions  adjacent  to  that  of  the  observer. 
The  effect  is  most  noticeable  when  a  strongly  lighted 
white  object  is  observed  agaiast  a  dark  background. 
The  apparent  radiance  of  the  scattered  glow  has  been 
found  to  be  attenuated  at  the  same  space  rate  as  the 
target  itself ;  this  is  shown  by  Fig.  31  wherein  the  semi- 
logarithmic  attenuation  curves  for  apparent  absolute 
contrast  and  apparent  edge  contrast  are  parallel.  Apparent 
absolute  contrast  is  relative  to  the  apparent  background 

“S.  Q.  Duntiev,  Proc.  Armed  Forccs-Natl.  Research  Council 
Vision  Committee  23, 123  (1949);  27,  57  (1950);  28,  60  (1951). 

“  S.  Q.  Duntle>’  and  R.  W.  Preisendorfer,  MIT  Ren^  N^ri 
07864  (1952). 

“  R.  \V.  Prdsendorfer,  Scrippsinst.  Occanog.  Ref.  58-42  (1957) 
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radiance  that  would  be  obsen'ed  if  the  target  were  ab¬ 
sent;  apparent  edge  contrast  is  relative  to  the  apparent 
background  radiance  which  appears  immediatelj’  ad¬ 
jacent  to  the  targeL  Ordinarily,  few  underwater  ob¬ 
jects  are  white  enough  te  cause  the  two  types  of  con¬ 
trast  to  differ  significantly.  WTien  the  glow  is  prominent, 
absolute  contrast  is  usually  'he  more  meaningful  meas¬ 
ure  of  object  detectability,  but  a  full  treatment  of  this 
topic  can  be  made  only  in  context  with  details  con¬ 
cerning  the  characteristics  of  the  detector  (eye,  camera, 
etc.),  a  matter  beyond  the  scope  of  this  paper. 

Absorption 

If  radiant  power  in  the  sea  is  to  be  »iseful  for  heating 
or  for  photosynthesis  it  must  be  absorbed.  The  mono¬ 
chromatic  radiant  power  absorbed  per  unit  of  volume 
at  any  depth  depends  upon  the  amount  of  power  re¬ 
ceived  by  the  volume  element  and  the  magnitude  of 
the  absorption  coefficient;  i.e.,  upon  the  product  of  the 
scalar  irradiance  and  the  volume  absorption  coefficient.*® 
A  more  frequently  useful  relation*"  has  been  evolved  as 
follows:  The  net  inward  flow  of  radiant  power  to  any 
element  of  volume  dv  in  any  horizontal  lamina  of  thick¬ 
ness  dz  at  depth  s  in  the  sea  is 

dPiz)  d 

dv  dz 


The  ratio  II(z,-i-)/n(z,—),  sometimes  called  the  re- 
flectioH function  of  water,  has  been  found  by  e.xperiment 
to  be  ^^rtually  independent  of  depth  and  to  have  a 
value  of  0.02±0.01  for  most  natural  waters  unless  large 
quantities  of  suspended  matter  are  present;  the  re¬ 
flection  function  is  rigorously  independent  of  depth 
when  the  under^vate^  daylight  radiance  distribution  has 
its  aqmiptotic  form  in  optically  uniform  water.  To  the 
extent  ty  which  2%  effects  are  negligible,  Eq.  (19) 
becomes 

dPiz)/dv^Hiz,-)Kiz,-),  (20) 

since,  by  definition,  K{z,— ) = —[dH {z,—)]dz\!E (z,— ). 
Thus,  the  radiant  power  absorbed  per  unit  of  volume 
at  any  depth  in  the  sea  can  be  measured  simply  by 
lowering  an  upward-fadng,  diffusely  collecting,  flat 
photocell  and  detemuning  the  product  of  the  magni¬ 
tude  and  slope  of  the  n^sulting  profile  of  do\vnwelling 
irradiance,  as  illustrated  by  Fig.  32. 

Alternatively,  the  quantity  (H(s,— )— H(s,-f)}  can 
be  measured  directly  by  lowering  an  assembly  of  two 
diffusely  collecting,  flat  photocells  mounted  back  to 
back  so  that  one  faces  upward  and  the  other  dorvnward. 
Such  an  assembly,  sometimes  called  a  fanus  cell,  can 


**R.  W.  Preisendorfer,  Scripps  Inst.  Oceanog.  Ref.  58-41, 
(1957). 

n  S.  Q.  DunUey,  Natl.  Acad.  Sci./Natl,  Research  Council  Publ. 
473, 85  (1956). 
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Fic.  32,  Superimposed  seimlogarithmic  plots  of  monochromatic 
downwelling  irradiance  vs  &q>th  ard  monochroniatic  radiant 
power  absorbed  per  unit  of  volume  vs  d^th  illustrate  the  (approxi¬ 
mate)  relation  between  these  quantities  expressed  by  £q.  (20). 
Monochromatic  downwelGng  Lradiance  is  the  total  mono¬ 
chromatic  radiant  power  pc*  unit  of  area  reedved  by  the  upper 
surface  of  a  horizontal  plane  at  arbitrary  depth  s.  The  product  of 
this  irradiance  and  its  depth  attentuation  function  (slope  of  its 
depth  profile)  is,  withxa  about  2(^,  equal  to  the  monochromatic 
power  absorbed  per  unit  of  volume.  'Thus,  at  a  depth  of  50  m  in 
Hg.  32,  ff(50, -)=63X10-»  \\7(m*,m^),  1C(^, -)=0.114 
In/m,  .-uid  dP{50)/d.'»(6AX  10-^‘(0.114)=7.2X10-«  \V7(m*,  ntfi). 
Neither  of  the  curses  in  this  figure  rqirescat  siedfic  experimental 
dat^  but  the  irrarjiance  profile  is  tj-pical  of  the  Pacific  Ocean  off 
California.  The  presence  of  a  deep  scattering  layer  is  shown  below 
350  m. 

be  used  to  measiu-e  dP(z)/dT  by  means  of  Eq.  (19)  in 
turbid  waters  for  which  {1— [J7(s,-}-)/i?fz,— )]}  is  not 
negligible. 

CONCLUSION 

Although  no  research  program  is  ever  fully  completed 
and  the  author  hopes  to  participate  in  studies  of  light 
in  the  stu,  for  many  years  to  come,  the  investigations 
which,  with  many  colleagues,  have  been  made  thus  far, 
coupled  with  the  findings  of  other  workers  all  over  the 
world,  have  produced  a  sufficient  quantitative  under¬ 
standing  of  the  optical  properties  of  ocean  water  and 
the  behaxdor  of  underwater  light  to  provide  scientific 
guidance  -and  optical  engineering  methods  for  those 
persons  whose  interests  or  occupations  involve  light  in 
the  sea. 
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